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Abstract

Microwave-Assisted Natural Gas Conversion to Value-Added Chemicals
Xinwei Bai
Stranded gas is a raw gas mixture of volatile hydrocarbons where the main composition is methane.
The producers flare the stranded gas at the site because the cost of collecting and transporting the gas is
higher than the value of the gas itself. To reduce the waste of this natural resource, it is worthwhile to
utilize the on-site stranded natural gas as feedstock to produce value-added chemicals without emitting
greenhouse gas. Direct natural gas conversion process is more desirable because of lower capital
investment. Methane and ethane, the two major components of natural gas, are very stable molecules that
usually require high temperature and a catalyst to achieve a decent single-pass conversion. Meanwhile,
under high temperature, the light alkane molecules are likely to collapse into carbon and hydrogen gas.
The carbon will cover the catalyst's surface, which causes deactivation. These two issues make natural gas
upgrading very challenging.
In this dissertation, a novel cyclic regeneration process was developed to investigate the metal-doped
ZSM-5 catalyst deactivation mechanism on direct ethane conversion. The results show that metal
agglomeration was another main cause of deactivation other than coke deposition; and using lower
concentration of oxygen to regenerate the catalyst can better recover the catalyst activity. Microwave
technology was applied to assist the catalytic natural gas conversion process. Under the microwave
radiation, significant enhancement in ethane conversion to aromatics was achieved at a temperature as
low as 400 °C. Methane conversion can also be improved under microwave radiation at a low bulk
temperature, indicating accelerated methane activation over the metal site and hence suggesting a “hot
spot” on the metal site despite much lower catalyst bulk temperature measured in the microwave reactor.
However, lower selectivity towards aromatics was observed and this is due to the lower relative
temperature of the zeolite compare with the metal sites. Other than the hot spot formation, the microwave
radiation also brings non-thermal effects which affect catalytic performance. The dissertation advances
finite-element modelling approaches to study the non-thermal effects of microwave radiation on direct
methane conversion process. The simulation results show an inconsistent electric field distribution on the
catalyst particle surface and the existence of local ultra-high electric field between spherical catalyst
particles. With the presence of the electric field, methane activation is possible without forming plasma
due to the molecule polarization and deformation effects induced by the microwave radiation. Hence, the
methane conversion can be improved at a much lower bulk temperature.
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Chapter 1:

Introduction1

With the shale gas boom starting from 2005, the average daily natural gas production reached 111.2
billion cubic feet in 2020 (1). The producers flare the stranded gas at the site because the cost of collecting
and transporting the gas is higher than the value of the gas itself. Methane, as the major component in
natural gas, has been widely used in industry such as hydrogen production (steam methane reforming) and
fuel. Therefore, with the continued increase in shale gas production in the United States, on-site stranded
natural gas conversion to higher-value chemicals has drawn significant interests from industry due to
economic and environmental considerations. There are two major pathways to convert natural gas to
chemicals, indirect and direct conversion approaches. In indirect natural gas conversion, generally, natural
gas reforming reactions (steam reforming or partial oxidation) are carried out to produce syngas (CO/H2)
followed by multi-step syngas conversion to higher value chemicals (2). Compared to this multi-step
process, direct natural gas conversion routes possess more potential for natural gas utilization because of
lower capital investment and operating cost (3). Aromatic compounds, which are obtained mostly from
petroleum refinery nowadays, are important basic chemical intermediates in synthetic material production
(4). Due to the high demand of aromatic compounds and high natural gas production, direct ethane
dehydroaromatization (DHA) becomes attractive. However, the activation of hydrocarbon species (i.e. CH bonds) is crucial, thus most of the direct natural gas conversion processes require catalysts, and the
catalyst deactivation is one of the most striking issues preventing the direct conversion route from
commercialization. Therefore, using other approaches to activate hydrocarbon species or alleviating
catalyst deactivation become crucial to develop direct natural gas conversion technology.
In addition to investigating direct natural gas conversion in a thermal reactor, microwave-assisted
catalytic natural gas conversion was explored. Microwave (MW) is a form of electromagnetic wave with
a wavelength ranging from 1 mm (300 GHz) to 1 m (300 MHz). The perpendicular oscillating electric

1

Part of the illustration presented in this chapter has been published as a book chapter: “Microwaves in Nonoxidative

Conversion of Natural Gas to Value-Added Products,” in Direct Natural Gas Conversion to Value-Added Chemicals (CRC
Press, Boca Raton, FL, 2020), pp. 25–52. Xinwei Bai is the first author.
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field and magnetic field are responsible for heat generation, and there are three primary MW heating
mechanisms: dielectric heating, Joule heating, and induction heating. When a dielectric material (nonconductive) is placed in electromagnetic field, if electric dipoles exist in the material, those dipoles will
rotate or oscillate in order to respond to the change in the direction of electric and magnetic fields. It is
noticed that the oscillation is inelastic, hence the kinetic energy lost (as the dipoles rotate or oscillate) is
transformed to thermal energy, and subsequently the heat is dissipated into bulk material which causes
temperature rise of the material (5). This is so-called dielectric heating. For conductive material,
alternating microwave electric field causes electrons and ions move through the material (6). This
movement creates electric current. Meanwhile, changing magnetic field can also induce eddy current
within conductive material. Therefore, the material can be heated due to the electric resistant of the
material, and this is the Joule heating. For magnetic materials, heat will be generated in an alternating
magnetic field due to magnetic resonance loss/residual loss, and this is the induction heating (6). The
abilities of a material to absorb microwave energy and to dissipate some of this energy via inelastic
rotation or oscillation are mathematically expressed by its electromagnetic properties, which include
complex electric permittivity (ϵ = ϵ’ - iϵ”) and complex magnetic permeability (µ = µ’ - µ”), where i2 =
−1. Electromagnetic properties of material are essential of describing how well a material response to
microwave radiation. ϵ’ is known as the dielectric constant 2 , which is a function of temperature and
frequency. According to Figura and Teixeira, the real part indicates the elastic component that how much
microwave energy can be absorbed by dipoles, and the imaginary part represents the inelastic component
that how much energy is loss and transformed into heat (5). In general, a lossy material is defined when
ϵ” >> ϵ’, and the lossy material has a better response to microwave radiation. In a microwave-catalysis
system, it is desired to heat a lossy catalyst material. The “lossiness” of a material can be characterized by
dielectric loss tangent:

Sometimes dielectric constant is defined as εr = ε’/ε0, where ε0 is a constant represents the permittivity of free space
(8.854×10-12 F/m). Similarly, for real part of magnetic permeability µr = µ’/µ0 where µ0 is a constant represents the
permeability of free space (4π×10-7 H/m).
2
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tan 𝛿𝑒 =

𝜖"
𝜖′

Eqn. 1

where δe is known as loss angle. The higher value of loss tangent indicates the more “lossy” of the material.
Similarly, the magnetic loss tangent is the ratio of imagine part and real part of complex magnetic
permeability.
Unlike domestic microwave oven, there are several different laboratory microwave reactors
designated for different applications. Based on the applicator cavity, microwave reactors have two major
types: single-mode (or monomode) and multi-mode. The major difference between these two types of
microwave reactors is the size of cavity and how the electromagnetic field is distributed in the cavity. In
general, single-mode microwave cavity is smaller than the multimode cavity, and the electromagnetic
field in multimode cavity is distributed non-uniformly. A flow-type single-mode cavity can form uniform
electromagnetic field along the tubular reactor inside the waveguide (7). Therefore, under the same power,
the microwave heating is faster in single-mode than in the multimode cavity reactors. However,
multimode microwave reactors can be operated in a much larger scale due to larger cavities. Thus,
multimode microwave reactors are widely applied in batch organic compound synthesis, catalyst
preparation and sample acid digestion inductively coupled plasma optical emission spectroscopy (ICP)
analysis. In this dissertation, the microwave reactor used is single-mode flow-type microwave reactor
which is suitable for the gas-solid heterogenous catalysis setting.
In the single-mode applicators, the electric field can be focused on the tested material by adjusting EH tuners and sliding short. An E-H tuner is a Magic Tee with a variable shorting plunger in each of the Eand H-arms that allows arbitrary transformation of load impedance within the Smith-chart area (8). In
laboratory operation, an E-H tuner is used to minimize the reflection factor to 0, keep the Voltage Standing
Wave Ratio (VSWR) equal to one and to shift the radio frequency (RF) phase over a ±180o range. In this
way, the total microwave power required to reach or to maintain at a specific temperature can be
minimized and the energy efficiency can be maximized. In other words, it improves the heating of the
material with low “lossiness”. If the electric field is strong enough, the microwave plasma can also be
3
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induced that can greatly affect yield and production distribution in microwave assisted catalysis. A sliding
short is used to reflect all electromagnetic energy so that the spatial distribution electromagnetic field can
be maximized on the catalyst material (9). In most of the case, the material of sliding short piece is metal
with an infinity VSWR. In operation, adjusting sliding short will affect heating pattern under the same
microwave frequency, thus, in general, the sliding short should not be adjusted during a non-phase-shifting
fixed-frequency experiment.
Based on the features of microwave heating and microwave reactor design described above, compared
with traditional resistive-heating reactors, microwave heating provides advantages such as internal heating
and rapid heating (10). Unlike conventional heating furnace, which relies on the material's thermal
conductivity, microwave radiation can penetrate the material and deliver energy directly to the molecules
(as known as “inside-out” heating mechanism). A good example is the microwave heating of the potato
inside a microwave oven (11). This feature also enables rapid heating for certain microwave-sensitive
materials. This dissertation is going to focus on catalytic natural gas conversion assisted by MW radiation.
Before starting research of MW catalysis, it is necessary to have a better understanding of those catalytic
reactions (i.e. direct natural gas conversion) carried out in a traditional thermally heated fixed-bed reactor.
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Chapter 2:
2.1

Experimental

Catalyst Preparation

The ammonium ZSM-5 zeolite with silica-alumina (SiO2/Al2O3) mole ratio (SAR) of 23 and 50 was
supplied by Zeolyst Inc. Proton-type HZSM-5 was prepared by calcining ammonium ZSM-5 at 500 °C in
air for 3 hours (h). Doped molybdenum, gallium, platinum, iron, and zinc are from ammonium
heptamolybdate tetrahydrate ((NH4)6Mo7O24·4H2O), gallium nitrate hydrate (Ga(NO3)3·xH2O),
chloroplatinic acid hexahydrate (H2PtCl6·6H2O), zinc nitrate hexahydrate (Zn(NO3)2·6H2O), and iron(II)
chloride anhydrous (FeCl2), respectively. Those molybdenum, gallium, and platinum metal salts were
purchased from Fisher Scientific. Zinc and iron metal salts were purchased from Acrons Organics.
Incipient wetness technique was applied in catalyst synthesis, and the co-impregnation method was used
to prepare composite catalysts (Ga-Pt/HZSM-5, Mo-Fe/HZSM-5, Mo-Zn/HZSM-5, and Mo-FeZn/HZSM-5). All catalysts were dried at 110 ℃ overnight and the dried material was calcined in air at
550 °C for 4 h. The special isomorphous substituted ZSM-5 catalysts used in Chapter 6 will be described
later in that chapter. Composition of catalysts used in this dissertation is shown in Table 2.1. In this
dissertation, unless otherwise specified, ZSM-5 stands for proton-type HZSM-5.
Table 2.1 Composition of metal-doped ZSM-5 zeolite catalysts, metal content is in wt%.
Catalysts

Ga

Pt

Mo

Zn

Fe

ZSM-5 SAR

Used in Chapter(s)

3Mo/HZSM-5

3

50

3

4Mo/HZSM-5

4

23

5, 7

50

3

0.5

50

3

0.5

50

3, 4

Ga/HZSM-5

3

Pt/HZSM-5
Ga-Pt/HZSM-5

2.5

5

Note
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Mo-Fe/HZSM-5

3

0.5

Mo-Zn/HZSM-5

3

0.5

Mo-Fe-Zn/HZSM-5

3

0.5

H-(Fe)ZSM-5

2.2

23

5

23

5

0.5

23

5

1; 2

61; 46

6

Isomorphous
Substituted

Catalyst Characterizations
2.2.1

Powder X-ray Diffraction (XRD)

Powder XRD analysis of each catalyst was performed on a PANalytical X’Pert Pro unit. X-ray
diffraction was working under 45 kV and 40 mA using Cu Kα radiation. X’celerator solid-state detector
which has a scan speed of 4.8° min−1 was utilized.
2.2.2

Surface Area Measurement

The surface area of each catalyst was calculated according nitrogen adsorption/desorption isotherms
using Brunauer−Emmett−Teller (BET) model. The isotherms were acquired using a Micromeritics
ASAP-2020 unit. The sample was degassed at 300 °C under vacuum. After degas process, the
adsorption and desorption processes were finished under −196 °C.
2.2.3

Temperature-Programmed Reduction/Oxidation/Desorption (H2-TPR, TPO and
NH3-TPD)

H2-TPR and TPO were performed in Micromeritics Autochem 2950 analyzer using 10 vol% of
hydrogen and 2 vol % of oxygen, respectively. A thermoconductivity (TCD) detector was employed to
record the signal change throughout the process, which reflects the composition change of the outlet during
TPR, TPO and TPD experiments.
TPO experiments were carried out for spent ethane DHA catalysts (with coke). The spent catalyst
sample was firstly heated to above 100 ℃ in inert gas to remove the moisture, after which the temperature
was programmed to 700 ℃.
6
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TPR experiments were carried out for fresh DHA catalysts and fresh methane ammonia synthesis
catalysts. The fresh catalyst sample was heated to above 100 ℃ in inert gas to remove the moisture, after
which the temperature was programmed to 900 ℃.
TPD experiments were carried out in a Micromeritics ASAP-2020 unit and a Micromeritics
Autochem 2910 unit for fresh zeolite catalysts. Both units are equipped with TCD which was used to
identify Brønsted and Lewis acid sites by detecting NH3 concentration change in outlet. The fresh catalyst
samples were heated to above 100 °C in inert gas to remove moisture and then cooled to 150 °C. Premixed
15% ammonia in helium then flowed over the catalyst for 30 min at 30 mL/min. Pure helium was used to
flow over the sample for 30 min at 50 mL/min to remove excess, weekly bounded ammonia from the
catalyst surface in order to obtain baseline. The catalyst samples were then heated to 700 °C at 5 °C /min.
2.2.4

Transmission Electron Microscope with Energy Dispersive X-ray Spectroscopy
(TEM-EDX)

The metal particles were characterized by a transmission electron microscope (JEOL, JEM-2100).
The specimens were prepared by sonicating the sample suspensions in isopropanol. The operating voltage
was 200 kV. Meanwhile, the energy dispersive X-ray spectroscopy (EDX) analysis was performed for
each sample to identify composition of metal particles. The particle size is determined by measuring pixel
numbers of the particles in the TEM images.
2.2.5

Thermogravimetric Analysis (TGA)

TGA was carried out in a TA Instrument SDT 650 thermogravimetric analysis unit. Around 25 mg –
35 mg of the sample was heated to 150 °C in an inert environment before initiating oxidative gas feed to
remove possible moisture. The flow rate of oxidative gas feed containing 5 vol % oxygen in helium was
set at 20 mL/min. In TGA, Then the temperature was raised to the target. The temperature was held at
target for 120 min for complete coke removal.
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2.3

Reaction Conditions, Reactor Configurations, and Gas Analyzers

Table 2.2 shows the summary of the reaction condition for each chapter in this dissertation. Please
refer to Appendix A for the abbreviations used here. The description of the reactor configuration is
shown below.
2.3.1

Micromeritics Reactor

This reactor configuration was applied in the research works presented in Chapter 3 and 4. The
reactions were carried out in a continuous-flow fixed-bed reaction system at atmospheric pressure in
Micromeritics Autochem 2950 unit. The inner diameter (ID) of quartz tubular reactor was 8 mm. Before
the reaction, the catalyst was heated in an inert flow to targeted temperature with a heating rate of 10
°C/min and kept at target temperature for at least 90 min. The reaction feed flow rate was 50 mL/min
and the concentration of ethane was of 30 vol%, balanced with Helium. Helium was used as an internal
standard to account for the changes of ethane flow rate due to the reaction. A Pfeiffer Omnistar mass
spectrometer (MS) was connected at the reactor outlet. The capillary temperature was maintained at 150
°C. Benzene, toluene, hydrogen and remaining ethane concentrations were monitored.
2.3.2

Conventionally Heated Fixed-bed Reactor

This reactor configuration was applied in the research works presented in Chapters 5, 6, and 7. In
Chapters 5 and 7, the reactions were carried out in 10.5 mm ID quartz tube reactors. In Chapter 6, the
inner diameter of the quartz tube is 5 mm. The reactor was heated by a tube furnace with a PID
controller.
2.3.3

Microwave Reactor

MW reactivity tests were carried out in 8 mm inner diameter (ID) quartz tube reactors. Lambda
MC1330-200 variable-frequency microwave controller was applied under atmospheric pressure, and the
frequency is adjustable from 5850 to 6650 MHz. A contactless IR sensor (Raytek MI3 2M SF1,
resolution = 1.6 microns, spot size = 5 mm) was applied to monitor the bulk catalyst temperature, and
the temperature was controlled by the software (PI controlled). A manual E-H tuner was used to
minimize microwave reflectance power and maximize the electric field interaction with catalyst. Sliding
8
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short was the boundary of cavity which is usually made by metals. During the reaction, the position of
the sliding short remained unchanged so that the phase of the electromagnetic wave was kept the same.
Liao et al. elaborated how sliding short works in a microwave reactor (9). The catalyst was solely heated
by microwave (i.e. no thermal heating source was introduced in microwave reactor). This reactor
configuration is shown as Figure 2.1, and the scheme of IR temperature measurement is shown as Figure
2.2.

Figure 2.1 Experimental setup for variable-frequency microwave (MW) reactor (IR pyrometer does not
show) (12, 13)

9
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Figure 2.2 Scheme of IR temperature measurement setup (the scheme does not represent the true size of
the sensor and reactor) (13)
2.3.4

Outlet Gas Analyzers

In this dissertation, the outlet gas composition is monitored by a Pfeiffer Omnistar mass
spectrometer (MS, Chapters 3 and 4), a 4-channel Inficon Fusion Micro Gas Chromatography (MicroGC, Chapters 5, 6, and 7), and an Agilent 7890B Gas Chromatography (GC) equipped with thermal
conductivity and flame ionization detectors (Chapter 6).
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Table 2.2 Summary of Reaction Conditions, Configurations, and Gas Analyzers in this Dissertation

Chapter

Reactor(s)
Used

3

Micromeriti
cs Reactor

Catalyst
Loading

Gas Feed
Composition

Reaction
Temperature

Outlet Gas
Analyzer(s)

100 mg

15 SCCM
C2H6 + 35
SCCM He

650℃

MS

MW Frequency
(MHz)

Reaction: 10
SCCM C2H6
+ 40 SCCM
He

4

Micromeriti
cs Reactor

100 mg

Regeneration
: 5 SCCM O2
+ 45 SCCM
He;

Reaction:
650℃
MS
Regeneration:
500℃

1 SCCM O2
+ 49 SCCM
He;

5

6

Traditional
Fixed-bed
Reactor +
MW
Reactor

Traditional
Fixed-bed
Reactor +
MW
Reactor

800 mg

Thermal
Reaction
: 100 mg
MW
Reaction
: 500 mg

18 SCCM
C2H6 + 32
SCCM N2

Thermal
Reaction:
6.25 SCCM
CH4 + 6.25
SCCM N2
(Total
WHSV =
3750

mL/g/h)
11

400℃

Micro-GC

Thermal
Reaction:
700℃

Thermal
Reaction:
GC

MW
Reaction:
550℃

MW
Reaction:
Micro-GC

6650

5850
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MW
Reaction:
31.2 SCCM
CH4 + 31.2
SCCM N2
(Total
WHSV =
3744

mL/g/h)
Thermal
Reaction: 50
SCCM CH4
+ 50 SCCM
N2

7

Traditional
Fixed-bed
Reactor +
MW
Reactor

MW
Reaction:
500 mg

12.5 SCCM
CH4 + 12.5
SCCM N2;
25 SCCM
CH4 + 25
SCCM N2;
50 SCCM
CH4 + 50
SCCM N2

12

Thermal
Reaction:
700℃,
725℃,750℃,
775℃,800℃
MW
Reaction:
450℃, 500℃,
550℃

Micro-GC

5850, 6250,
6650
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Chapter 3: Catalyst Performance Study on Ethane Dehydroaromatization (DHA)
Reaction3
From the past few decades, research on direct transformation of lower alkanes into aromatics has
gained considerable importance because of its potential implementation in the production of chemicals or
fuels from natural gas. Ethane is one of the major compositions of natural gas. Depending on its source,
natural gas may contain ethane from traces to more than 10% (14). In some drilling sites, the flaring gas
may contain over 20% of ethane and propane. ZSM-5 type zeolites are extensively explored for the study
of aromatization of short-chain hydrocarbons (15, 16). This type of pentasil zeolites behaves uniquely in
terms of catalytic activity for the conversion of short-chain hydrocarbons to aromatic. This is attributed to
their unique channel dimensions and acidic properties.
Several early publications have revealed that using promoted gallium catalyst will improve the
performance of propane to aromatic transformation (17–19). This type of catalyst is also effective for the
ethane DHA. Ono et al. used gallium exchanged H-ZSM-5 catalyst in ethane conversion, and they reported
an aromatic yield of 16.1% at 873 K (20). They proposed that dehydrogenation of ethane is the first step
to form ethylene on gallium active species and further ethylene undergoes oligomerization to produce
aromatic over zeolite acidic sites. Yakerson et al. conducted extensive IR spectroscopy and analytical
electron microscopy studies to find out the active species for the transformation of ethane to aromatic, and
they concluded that gallium oxide situated on the external surface of the zeolite would be active sites for
the reaction (21). Platinum metal is shown to be effective species for ethane aromatization reaction either
as an active catalyst or as a promoter associated with other metal catalyst. Aromatization of ethane with
high activity and selectivity was reported by Steinberg et al. (22). However, the performance of Pt
catalyst’s activity diminished to a large extent with time on stream because of high coking even using
platinum at very low loading. Chetina et al. showed that the addition of platinum to Ga-loaded zeolite

3

The results, figures, and tables presented in this chapter have been published as Ind. Eng. Chem. Res. (2017) 56:39, pp.

11006–11012; Xinwei Bai is the second author.
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resulted in substantial increment of its activity in the ethane DHA process, and they suggested that higher
dehydrogenation activity of platinum improved aromatic yield and selectivity (23).
Although catalytic data on ethane dehydroaromatization by using gallium and platinum catalysts are
available, there is lack of detailed discussion on the performance of catalysts correlating with their inherent
property. There is a growing interest to understand intrinsic properties of the catalyst at new level to
improve their catalytic activity. In this chapter, bimetallic Ga-Pt/HZSM-5 catalyst is utilized for ethane
DHA. The influence of platinum as promoter on the ethane dehydroaromatization activity of Ga/HZSM5 catalyst is investigated. In addition, the comparison is performed between platinum promoted gallium
catalyst (Ga-Pt/HZSM-5) and pure molybdenum catalyst (3Mo/HZSM-5), gallium catalyst (Ga/HZSM5),
and platinum catalyst (Pt/HZSM-5). Note that in this and the following chapters (Chapters 3 and 4), all
Mo/HZSM-5 denotes for 3Mo/HZSM-5 as described in Table 2.1.
3.1

Characterization Results of Fresh Catalysts

X-ray diffraction pattern for all freshly prepared catalysts together with HZSM-5 is shown in Figure
3.1. As shown in Figure 3.1, high intensity of diffraction peaks at 2θ = 22−25° are observed which is
general characteristic peaks of HZSM-5 zeolite material. This observation reveals that the zeolite
crystallinity remains unaltered for all the catalysts even after metal loading. XRD patterns with the absence
of any metal oxide peak indicate good metal dispersion with small particle size on the surface of the
zeolite.
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Figure 3.1 XRD patterns for (a) ZSM-5, (b) Mo/HZSM-5, (c) Ga/HZSM-5, (d) Ga-Pt/HZSM-5, and (e)
Pt/HZSM-5 freshly prepared catalysts.
BET surface areas measured for HZSM-5, Mo/HZSM-5, Ga/HZSM-5, Ga-Pt/HZSM-5, and
Pt/HZSM-5 catalysts are 380, 360, 360, 370, and 380 m2/g, respectively. H2-TPR results of Ga/HZSM-5,
3Mo/HZSM-5, and Ga-Pt/HZSM-5 are shown in Figure 3.2. The temperature reduction profile of 3Mo/HZSM-5 catalyst exhibits two distinct reduction peaks. The first peak is observed at 470 °C which
corresponds to the reduction of MoO3 to MoO2, and the second peak is located at 630 °C which is due to
the reduction of MoO2 to metallic Mo (24, 25). The addition of platinum onto the Ga/HZSM-5 catalyst
decreased the reduction temperature of gallium from 480 to 425 °C. The presence of platinum increased
the reducibility of gallium oxide and resulted in a shift in the reduction temperature of the gallium oxide
peak.
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Figure 3.2 TPR results for (a) Ga/HZSM-5, (b) Mo/HZSM-5, and (c) Ga-Pt/HZSM-5 catalysts.
It is hypothesized that a hydrogen spillover mechanism is responsible for this type enhancement of
reducibility of gallium oxide. In hydrogen spillover mechanism, first a hydrogen molecule dissociates into
hydrogen atom through its adsorption on platinum active sites, and then these dissociated hydrogen atoms
migrate to the gallium oxide interface and readily help reduction of gallium oxides even at lower
temperature. This type of observation was reported earlier in the case of platinum promoted molybdenum
catalyst (26). The total number of acid sites on the catalysts was measured by NH3-TPD analysis. From
this characterization, information about the different types of acid sites and their strength can be obtained
on a regular basis. Figure 3.3 presents NH3-TPD profiles of HZSM-5 catalysts before and after loading
with different metals. Pure HZSM-5 exhibits two NH3 desorption peaks at 213 °C (T1) and 406 °C (T2)
from weak acid sites (mostly Lewis acid) and strong acid sites (mostly Brønsted acid), respectively (27).
All analytical results of different acid sites and their NH3 desorption temperature corresponding to acid
strength are summarized in Table 3.1.
Mo/HZSM-5 has shown higher amount of weak acid sites (0.30 mmol/g cat.) compared to the plain
zeolite support (HZSM-5, 0.15 mmol/g) due to the presence of highly dispersed MoO3 species, which
16
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generates extra Lewis acid sites. Mo/HZSM-5 and Ga-HZSM-5 have exhibited lower amount of strong
acid sites because of exchange of zeolite proton by Mo and Ga metal ions. For Mo/HZSM-5, the total
amount of acid sites increases (0.52 mmol/g cat) compared with plain zeolite support (HZSM-5, 0.44
mmol/g cat). However, the strength of strong acid sites decreases significantly, reflected by NH3
desorption temperature (386 °C) while HZSM-5 has 406 °C. Pt/HZSM-5 has shown that NH3 desorption
temperature shifted to higher values (221 °C, 429 °C) for weak and strong acid sites respectively but the
total amount of acid sites remains almost unchanged (0.44 mmol/g cat). Ga-Pt/HZSM-5 behaves similar
to that of Pt/HZSM-5 catalyst.

Figure 3.3 NH3-TPD profiles of fresh HZSM-5 and different freshly prepared metal loaded catalysts.
Table 3.1 Quantitative Analysis of NH3-TPD Profiles of Different Metal/HZSM-5 Catalysts.
Desorption Temperature (℃)

MNH3 (mmol NH3/gcat)

Catalyst
HZSM-5

MNH3 Total
T1

T2

T1

T2

213

406

0.15

0.29

17

0.44
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Mo/HZSM-5

217

386

0.30

0.22

0.52

Ga/HZSM-5

218

407

0.17

0.25

0.42

Ga-Pt/HZSM-5

221

415

0.17

0.28

0.45

Pt/HZSM-5

221

429

0.16

0.28

0.44

3.2

Results of Ethane DHA over Various Catalysts

The reaction conditions can be referred in Chapter 2 (Table 2.2). The results of ethane DHA over Mo,
Ga, Ga-Pt, and Pt loaded zeolite are presented in Figure 3.4-Figure 3.7, and the catalyst performance is
evaluated by ethane conversion, aromatic (benzene + toluene) selectivity, ethylene selectivity and
hydrogen generation, respectively. As shown in Figure 3.4, there is a significant increment of ethane
conversion (~80%) by using Ga-Pt/HZSM-5 compared with four other catalysts in the initial period of
reaction (100 min). Ethane conversion by Ga catalyst is accelerated from 30% to 80% due to small amount
of (0.5 wt%) Pt addition. Upon Pt addition similar type of enhancement is accounted for in the case of
aromatic selectivity also. As shown in Figure 3.5, Ga-Pt/HZSM-5 exhibits a maximum selectivity of 40
wt% aromatic at 25 min of reaction during time-on-stream. It takes 100 min for Ga-Pt/HZSM-5 catalyst
to drop aromatic selectivity up to 25%. In comparison with Ga-Pt/HZSM-5, Mo/HZSM-5 catalyst
exhibited low ethane conversion (40%) and aromatic selectivity (35%) under similar reaction conditions.
As illustrated in Figure 3.6, initially, ethylene selectivity decreases due to aromatic formation but increases
with time-on-stream because of gradual reduction of aromatic production. Aromatic production is
decreased because of coke formation. It was observed that, in terms of hydrogen generation, Ga-Pt/HZSM5 exhibits the best result compared to the other catalysts (Figure 3.7).
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Figure 3.4 Ethane conversion of different catalysts in ethane DHA with time-on-stream.

Figure 3.5 Aromatic selectivity of different catalysts in ethane DHA with time-on-stream.
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Figure 3.6 Ethylene selectivity of different catalysts in ethane DHA with time-on-stream.

Figure 3.7 Hydrogen production of different catalysts in ethane DHA with time-on-stream.
3.3

Characterization Results of Various Spent Catalyst

TPO measurements were performed to characterize spent catalyst samples, and the results are shown
in Figure 3.8. Peaks in TPO profile generally represent coke formation and the oxidizing of metal species
on the catalyst. TPO profile of Mo/HZSM-5 showed three peaks at 460, 510, and 560 °C, which
correspond to the soft or low temperature burn-off coke associated with amorphous carbonaceous material
locating at the external surface of zeolite, Mo2C species inside the zeolite channel, and the hard or high
temperature burn-off aromatic type coke accumulated on the acidic sites of the zeolites, respectively. Also
the oxidation peak at 460 °C suggests that “soft coke” is amorphous polyolefinic carbonaceous species in
nature, and the high temperature peak at 560 °C corresponds to the hard coke which is polyaromatic type
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(25, 28). The other three catalyst Ga/HZSM-5, Ga-Pt/HZSM-5, and Pt/HZSM-5 exhibited only hightemperature peaks. Temperature range indicates these hard cokes are polyaromatic in nature.

Figure 3.8 TPO results for (a) Mo/HZSM-5, (b) Ga-Pt/HZSM-5, (c) Ga/HZSM-5, and (d) Pt/HZSM-5
spent catalysts (with coke).
3.4

Discussion

The very high activity of Ga-Pt/HZSM-5 catalyst in ethane DHA can be explained based on the
promoter effect of Pt on Ga catalyst. Few studies are published on lower alkane conversion to aromatic
by applying Ga catalyst along with Pt as promoter. Sattler et al. had shown that Pt promoted Ga/Al2O3
material is a highly active, selective, and stable catalyst for propane dehydrogenation (29). They have
suggested a bifunctional active phase consisting of coordinately unsaturated Ga3+ species and Pt where
the Ga3+ is the main active species and Pt behaves as a promoter for dehydrogenation reaction step.
Mikhailov et al. performed a study to deduce the structure of active sites in a mixed Pt/GaZSM-5 catalyst
for DHA reaction by density functional theory (DFT) modeling simulation method (30). For modeling of
the active sites of Ga-Pt/HZSM-5 catalyst, Ga2Pt4Al2Si4O6H12 cluster was used. From this study, they
observed that the formation of alloy bimetallic particles was highly favored due to the introduction of the
platinum atoms into the gallium zeolite. It was hypothesized that the presence of Ga atoms inside the
zeolite structure stabilizes the bimetallic particles in the zeolite framework. Therefore, active sites for
alkane dehydrogenation are generated.
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Meanwhile, theoretical study has revealed that the activation energy for dehydrogenation step (C−H
bond activation) is minimized when Pt is presented, which facilitates the di-hydrogen desorption site.
Zaikovskii et al. prepared platinum and palladium incorporated galloaluminosilicate (GAS) to study
ethane DHA (24). They had shown that activity and selectivity for the conversion of ethane to aromatic
hydrocarbons are enhanced due to the modification of GAS with platinum and palladium. They concluded
that the primary step for ethane conversion (dehydrogenation of ethane to ethylene intermediate) was
enhanced by the incorporation of Pt and Pd in GAS. The combination of active metal component with
moderate acid sites of zeolite ensures that the activity of the catalyst is high in the ethane aromatization
reaction. DHA reaction proceeds through two important steps: the primary step is the dehydrogenation of
ethane, and the second step is the oligomerization of ethylene intermediate in the presence of moderate
acid sites, mainly Brønsted acid sites. Metals such as Mo and Ga can replace Brønsted proton, resulting
in change of acidity of the zeolite (23, 31). The previous NH3-TPD analysis has reflected this phenomenon
(Table 3.1). Since Pt does not substitute Brønsted proton, Pt has little influence on the acid sites of zeolite.
NH3-TPD analysis demonstrates that addition of Pt metal on parent zeolite does not change the amount of
strong acid sites (0.29−0.28 mmol/g cat.), but strength of strong acid sites is increased, reflected by NH3
desorption temperature increment from 406 to 429 °C. Ga-Pt/HZSM-5 catalysts have shown little more
Brønsted acid sites (0.28 mmol/g cat.) and strength (T2 = 415 °C) in comparison with Ga/HZSM-5 (0.25
mmol/g cat and T2 = 407 °C). Here we have observed significant improvement in the activity of
Ga/HZSM-5 catalyst promoted by Pt metal. This improvement is likely due to Ga−Pt intrinsic metal
interaction along with influence of zeolite acidity since addition of Pt has slightly increased the number
of acid sites and strength (Brønsted acid) compared to that of Ga/HZSM-5.
Carbon accumulation on the surface of metal/zeolite catalysts is a common issue in a reaction at such
high temperatures, like 650 °C. While carbon deposit presents, reactants are prevented from access to the
active sites of metal surface and acidic sites of zeolite due to protective coke layer covered on zeolite
channel entrance as well as sites. Therefore, carbon deposit is one of the main reasons of catalyst
deactivation. As shown previously in the Figure 3.4 and Figure 3.5, it is observed that the activity of the
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catalyst drops rapidly under time-on-stream. Though at the beginning activity of Ga-Pt/HZSM-5 was
significantly higher compared to other catalysts, under high time-on-stream active sites are completely
blocked by carbon deposition and promoter action of Pt was unable to rescue catalyst’s activity from
deterioration.
Typically, soft coke or low temperature burn-off coke is formed inside the zeolite channel due to
oligomerization or cracking of ethylene and hard coke appears due to polycondensation of aromatics over
the Brønsted acid sites of the external surface of zeolite (32). Therefore, in the present TPO profile a single
peak could be assigned to the carbonaceous deposits associated with the metal species located at the
external surface of the ZSM-5 zeolite. In addition, the absence of signal peak corresponding to the coke
on the internal surface of the metal species suggests that metal oxides are prevented from diffusing into
the channel under reaction conditions. For Ga-Pt/HZSM-5 catalyst it was observed that coke burn-off
occurs at lower temperature (550 °C) compared to Ga/HZSM-5 (580 °C). This temperature shift can be
ascribed to the hydrogenolysis of light alkane due to spillover of hydrogen atom on it in the presence of
Pt on the catalyst, and this process helps partial removal of coke from the surface of the catalyst (33). As
a result, coke deposited on Ga-Pt/HZSM-5 is comparatively less hard than on Ga/HZSM-5, evidenced by
shift of coke burn-off temperature (30 °C). Thus, Pt, as a promoter, helps to maintain stability of GaPt/HZSM-5 catalyst for a longer time (100 min) and prevents its deactivation during reaction.
3.5

Conclusion of Chapter 3

Based on the experimental data obtained in this work and from previous literature, it can be concluded
that the introduction of platinum to Ga-loaded zeolite results in essential increase of its activity in the
aromatization of ethane. Pt increases reducibility of gallium oxide and probably helps its dehydrogenation
activity to produce ethylene from ethane. Pt also improves the stability of Ga catalyst during time-onstream. TPO experiment revealed that coke formed on Ga-Pt/H-ZSM-5 is less hard compared to
Ga/HZSM-5. In comparison with conventional Mo/HZSM-5, Ga-Pt/H-ZSM-5 catalyst performed better
in ethane dehydroaromatization reaction. Due to possessing better activity and stability, Ga-Pt/HZSM-5
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catalyst can be regenerated for real industrial application on aromatics production, and the deactivation
and regeneration study will be presented in the next chapter.
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Chapter 4: Deactivation Mechanism and Regeneration Study of GalliumPlatinum ZSM-5 Catalysts on Ethane DHA4
Catalyst deactivation is a common feature presented in light hydrocarbon conversions. CatofinTM is a
commercialized propane dehydrogenation process which consists of using eight reactors in swing
operation. Coke formation was noticed in propane dehydrogenation catalyst, but catalyst performance can
be recovered after coke removal. Figure 4.1 shows an example of industrial CatofinTM process reactor.
For each reactor, the catalytic reaction time is as short as 8 minutes and subsequently, the catalyst is
regenerated via oxidative coke removal (34). Under such an operation mode, high selectivity to propylene
can be achieved, and this process has been commercially practiced in many countries. Therefore,
CatofinTM process is a good example for solving catalyst deactivation issue, provided the catalyst is fully
regenerable.

Figure 4.1 Commercialized CatofinTM propane and iso-butane dehydrogenation reactors in Dalian,
China (Clariant AG) (35).

4

The results, figures, and tables presented in this chapter have been published as Ind. Eng. Chem. Res. (2018) 57:13, pp.

4505–4513; Xinwei Bai is the first author.
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Inspired by this commercialized process, this chapter focuses on investigating the feasibility of
cyclic regeneration as practiced in CatofinTM. The DHA reaction is set for 15 min before switching to
regeneration mode. According to Chapter 3, metal doped ZSM-5 catalyst containing 2.5 wt % of gallium
and 0.5 wt % of platinum exhibited good performance in ethane dehydroaromatization because platinum
facilitates the formation of ethylene which is an important intermediate in this reaction. In this chapter,
this catalyst system is further investigated, and the analysis is focused on elucidating deactivation
mechanism and developing regeneration processes for Ga–Pt promoted HZSM-5 catalyst in ethane
DHA. The goal is to develop catalyst formulation strategy and regeneration process that, by combining
both approaches, a commercially viable DHA technology can be developed. It is anticipated that
commercial ethane DHA process could be designed in swing operation mode (Figure 4.2). As a result,
the impacts of the variation of regeneration process parameters, such as oxygen concentration,
temperature, and cycle time, on the regeneration performance of the Ga-Pt/HZSM-5 catalyst are
investigated. This chapter focuses on elucidating deactivation mechanism via correlation of surface
characterization results with process performance data.

Figure 4.2 Illustration of Ethane DHA in Swing Operation Mode.
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4.1

Deactivation/Regeneration Results of Ethane DHA over Ga-Pt/HZSM-5 Catalyst

The reaction conditions can be referred in Chapter 2 (Table 2.2). Each DHA reaction cycle was carried
out for 15 min before switching to regeneration mode. The regeneration was carried out using either 2 vol
% or 10 vol % oxygen. Volumetric flow rates of products were measured to compare the performance
among regeneration cycles. Figure 4.3 and Figure 4.4 show time-on-stream volumetric flow rate of
benzene and toluene at reactor outlet under the regeneration conditions of using 2 vol % and 10 vol %,
respectively. Table 4.1 and Table 4.2 are numeric interpretation of Figure 4.3 and Figure 4.4. For each
oxygen concentration, four catalyst regeneration cycles were carried out. It can be observed that the
catalyst regenerated after first fresh run exhibit better performance in producing aromatic products. By
comparing the point with maximum aromatic (benzene and toluene) production (TOS = 2.5 min) and
calculating percentage change of productivity among five cycles, the results show that when the catalyst
is regenerated by using 10 vol % oxygen, benzene production at outlet changes by +10.4%, -8.2%, -7.0%
and -7.4% (“+” represents a production gain and “-” indicates production loss). When using 2 vol %
oxygen for catalyst regeneration, the benzene production changes by +14.2%, -3.1%, -5.5% and -5.7%.
Similar trend can be observed in toluene production. The result shows that the loss of activity between
cycles is much less while using 2 vol % oxygen for regeneration. Therefore, using lower oxygen
concentration to regenerate the catalyst can decrease the deactivation rate of the catalyst among multiple
cycles.
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Figure 4.3 Production of (a): benzene, (b): toluene using 10% of oxygen for catalyst regeneration, 15
min of DHA reaction.
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Figure 4.4 Production of (a): benzene, (b): toluene using 2% of oxygen for catalyst regeneration, 15 min
of DHA reaction.
Table 4.1 Performance statistics of aromatic production of Ga-Pt/HZSM-5, regenerated by 10 vol% O2.
Regenerated by 10
vol% O2

Performance Change, Compared to
Previous Cycle

Benzene
Cycles\Time

2.5 min

5 min

10 min

Percentage
Change, Within
Single Cycle

15 min

Production
Original
1st Regeneration

-17.7%
10.4%

9.8%
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5.8%

-21.1%
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2nd Regeneration

-8.2%

-8.0%

-7.3%

-6.6%

-19.8%

3rd Regeneration

-7.0%

-7.2%

-6.5%

-6.4%

-19.2%

4th Regeneration

-8.4%

-7.4%

-8.1%

-8.2%

-19.0%

Regenerated by 10
vol% O2
Cycles\Time

Performance Change, Compared to
Previous Cycle
2.5 min

5 min

10 min

Percentage
Change, Within
Single Cycle

15 min

Toluene

Original

-22.2%

Production

1st Regeneration

33.8%

36.6%

40.5%

42.4%

-17.2%

2nd Regeneration

-9.5%

-9.8%

-9.5%

-10.2%

-17.9%

3rd Regeneration

-5.0%

-6.0%

-8.4%

-7.3%

-19.8%

4th Regeneration

-9.1%

-8.2%

-9.6%

-13.0%

-20.8%

Table 4.2 Performance statistics of aromatic production of Ga-Pt/HZSM-5, regenerated by 2 vol% O2.
Regenerated by 2 vol%
O2
Cycles\Time

Performance Change, Compared to
Previous Cycle
2.5 min

5 min

10 min

Percentage
Change, Within
Single Cycle

15 min

Benzene

Original

Production

1st Regeneration

14.2%

15.1%

10.8%

13.2%

-17.0%

2nd Regeneration

-3.1%

-4.2%

-4.1%

-2.0%

-16.1%

3rd Regeneration

-5.5%

-5.6%

-6.2%

-7.2%

-17.6%

4th Regeneration

-5.7%

-5.7%

-6.4%

-4.3%

-16.3%

Regenerated by 2 vol%
O2

-16.3%

Performance Change, Compared to
Previous Cycle

Toluene
Cycles\Time

2.5 min

5 min

10 min

Percentage
Change, Within
Single Cycle

15 min

Production
Original
1st Regeneration

-22.6%
26.3%

35.4%
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4.2

2nd Regeneration

-1.8%

-3.2%

-3.3%

-3.7%

-15.8%

3rd Regeneration

-5.2%

-5.1%

-6.3%

-7.9%

-18.2%

4th Regeneration

-5.6%

-5.9%

-6.9%

-8.2%

-20.4%

Characterization Results of Spent Ga-Pt/HZSM-5 Catalyst

TPO results are shown in Figure 4.5. For both samples, the only peak identified is around 550 °C
which indicates that the maximum coke oxidation rate occurs at that temperature. Per suggestion from
zeolite supplier, Zeolyst Inc., NH4+ form ZSM-5 was calcinated at 550 °C during catalyst preparation
Catalyst regeneration conditions were evaluated by searching the literature. It is well-known that coke
oxidation process is highly exothermic which generates “hot spots” in the catalyst. Since these hot spots
are located underneath the coke, the temperature could be higher than measured. The potential damage of
the structure of the zeolite could take place. In a research paper by Gao et al., for Mo-promoted ZSM-5,
they selected regeneration at 500 ℃ (36). Referring to Gao’s work, and with the consideration that
localized surface temperature may exceed 550 °C due to the presence of hot spots, we have chosen 500
°C as oxidation temperature for catalyst regeneration in the presence of 2 vol % and 10 vol % O2.
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Figure 4.5 Temperature programming oxidation profiles of the spent catalyst sample using (a): 10 vol %
of oxygen (b): 2 vol % of oxygen.
TGA experiment was carried out to quantify the amount of the coke after five 15 min-reaction cycles.
The target temperature was set at 700 °C. As shown in Figure 4.6, with the increase of the temperature,
the coke is oxidized by the oxygen feed and the maximum weight loss occurs at around 550 °C, which
reflects our previous TPO result. Subtracting the initial spent catalyst weight (moisture removed) from the
ending weight, it shows that the catalyst has similar amount of the coke under two scenario. Therefore,
the amount of coke accumulated is not a factor causing the performance difference.
An NH3-TPD analysis has been performed and the result is shown in Figure 4.7 and peak information
is shown in Table 4.3. NH3-TPD indicates different acid sites (Lewis and Brønsted acid sites) and their
strength in fresh and regenerated catalyst. As mentioned in Chapter 3, the peak appears at lower
temperature (T1) is identified as Lewis acid sites and the other peak (T2) is identified as Brønsted acid
sites. When the zeolite was received from Zeolyst Inc., it was in ammonium form that can be expressed
as Al– O(NH4)+–Si. Upon calcination at 550 °C, the ammonium form is transformed into bridge hydroxyl
groups (Al–OH+–Si) by releasing NH3, forming the Brønsted acid sites (37, 38). It can be observed that
the peak T2 for regenerated catalysts shifts to a lower temperature indicating the decrease of Brønsted acid
strength. The group postulates that the decrease in Brønsted acid strength in regenerated catalysts is due
to dealumination of the catalyst during the reaction and regeneration (37). Evidently, 10 vol % O2
exhibited stronger impact on dealumination during regeneration process.
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Figure 4.6 TGA curves of coke-containing spent Ga–Pt/HZSM-5 catalyst after fifth DHA reaction
cycles: (a) regenerated by 10 vol % of oxygen (b) regenerated by 2 vol % of oxygen.

Figure 4.7 NH3-TPD profiles of (a): fresh catalyst and regenerated catalyst sample using (b): 10 vol % of
oxygen (c): 2 vol % of oxygen.
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Table 4.3 Numerical NH3-TPD Result of Figure 4.7.

Catalyst
Fresh
Regenerated Catalyst (regenerated by 10
vol% O2)
Regenerated Catalyst (regenerated by 2
vol% O2)

Desorption Temperature
(℃)
T1
T2
226
430

MNH3 (mmol
NH3/gcat)
T1
T2
0.17
0.19

MNH3
Total
0.36

234

391

0.18

0.18

0.36

239

416

0.18

0.18

0.37

Figure 4.8 shows XRD patterns of fresh and all spent catalyst samples from the experiments. The high
intensity peaks between 8–9° and 20–25° indicate that both reaction and the regeneration process did not
change the bulk crystallized structure of the zeolite. These peaks are the characteristics of the structure of
calcined H-ZSM-5 zeolites. It was observed that at the range of 8° to 9°, the relative peak intensities of
spent samples are lower than that obtained from the fresh catalyst sample. This could be caused by the
presence of remaining coke on the spent catalyst.

Figure 4.8 XRD patterns of Ga–Pt/HZSM-5 catalyst: (a) fresh catalyst, (b) spent sample after five DHA
reaction cycles, regenerated by 10 vol % of oxygen, coke removed (c) spent sample after five DHA
reaction cycles, regenerated by 2 vol % of oxygen, coke removed.
34

Xinwei Bai: Microwave-Assisted Natural Gas Conversion to Value-Added Chemicals

TEM images of fresh and spent catalysts obtained at the end of five regeneration cycles without
coke removal are shown in Figure 4.9. Two spent catalyst samples are generated from using 10 vol %
oxygen and 2 vol % oxygen, respectively. As shown in Figure 4.9a, the metal particles of fresh catalyst
can only be observed under high resolution camera and the particle size is generally between 2 and 4
nm. However, TEM of spent catalysts with or without coke removal (Figure 4.9b, c and Figure 4.10)
showed the presence of metal nanoparticles of size from 3 to 10 nm.
Table 4.4 EDX result of surface particles of fresh, coke-removed spent and coke-on spent Ga–Pt/HZSM5 catalysts
Regenerated by Regenerated by Regenerated by Regenerated by
10 vol% O2
2 vol% O2
10 vol% O2
2 vol% O2
(coke removed) (coke removed)
(with coke)
(with coke)

Elements

Fresh
Catalyst

Gallium (atomic%)

0.74

1.13

1.41

2.82

1.05

Platinum (atomic%)

0.15

4.99

3.06

5.65

2.15
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Figure 4.9 TEM image of Ga–Pt/HZSM-5 samples: (a) fresh catalyst, (b) spent catalyst with coke, after
five regeneration cycles using 10 vol % oxygen (c) spent catalyst with coke, after five regeneration
cycles using 2 vol % oxygen.

36

Xinwei Bai: Microwave-Assisted Natural Gas Conversion to Value-Added Chemicals

Figure 4.10 TEM image of regenerated Ga–Pt/HZSM-5 samples: (a) coke-removed spent catalyst after
five regeneration cycles using 10 vol % oxygen (b) coke-removed spent catalyst after five regeneration
cycles using 2 vol % oxygen.
4.3

Discussion

It has been noticed that the aromatic production of first regenerated samples were better than the fresh
sample, this can be caused by the relocation of the metal particles inside the zeolite matrix during the
oxidation process which changes the acidity of the catalyst. This phenomenon can be further investigated
using in-situ analytical techniques. According to TEM images, it was observed that the particle size
increased on regenerated catalysts. This increment of particle size was caused by metal sintering during
reaction at high temperature (650 °C). TEM analysis indicates that most of the metal particles are residing
outside the zeolite pore since average pore diameter of ZSM-5 is 5.5 Å only, whereas the size of metal
particles is much larger (3–10 nm) (39). As a result, metal sintering can cause not only loss of activity but
also decrease in aromatic selectivity. The loss of aromatic selectivity is probably due to the inhibiting of
shape selective property, such as channel blockage and acidity change. From TEM EDX analysis of fresh
catalyst, it is observed that the atomic ratio of Ga/Pt ranges from 4 to 5 throughout the material (Table
4.4). However, in the selected areas, TEM EDX analysis of spent catalyst showed higher amount of Pt
(2.15–5.65 atomic %) compared to Ga (1.05–2.85 atomic %) though the fresh catalyst contains higher
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amount of Ga (2.5 wt %) compared to Pt (0.5 wt %). The same trend is observed in regenerated catalyst
(coke-removed sample). This higher amount of Pt metal on selected areas manifests that Ga and Pt are not
evenly distributed throughout the material of spent catalyst as compared to fresh catalyst. This indicates
that metal particles shown in TEM images contain mostly Pt metal and less amount of Ga metal. This
phenomenon is attributed to higher mobility of Pt nanoparticles on support at high temperature. Gallium
metal in oxide form has strong interaction with the zeolite support compared to Pt. Due to the difference
in metal–support interactions, the homogeneous metal distribution of fresh catalyst deteriorates at high
reaction temperature. The Ga–Pt interaction is one of the essential factors that impacts ethane conversion
and aromatic selectivity. Due to the difference in migration ability, the interaction between these two
metals through the alloy formation is affected. From TEM and EDX analysis of fresh and spent catalysts,
it can be concluded that particle size increase and the change of metal nanoparticle composition are also
the cause of catalyst deactivation along with coke formation.
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Figure 4.11 Particle size distribution of TEM images of various Ga-Pt/HZSM-5 samples: (a) spent
catalyst with coke, after five regeneration cycles using 10 vol % oxygen; (b) spent catalyst with coke,
after five regeneration cycles using 2 vol % oxygen; (c) coke-removed spent catalyst after five
regeneration cycles using 10 vol % oxygen; and (d) coke-removed spent catalyst after five regeneration
cycles using 2 vol % oxygen.
By comparing particle size distribution of different regenerated catalysts, the catalyst performance
difference could be explained. Figure 4.11 shows the general particle size in regenerated catalysts under
different regeneration conditions. The size of particle was measured according to particle clusters shown
in the TEM images. The size of about and 28–30 particles was measured in each type of the sample. It is
obvious that, when using higher concentration of oxygen in regeneration, metal particle agglomeration
accelerates. This is mainly because coke oxidation rate becomes faster when using higher concentration
of oxygen. Since the coke oxidation is highly exothermic, higher oxidation rate will generate more heat
that is difficult to release, creating hot spots between coke and active sites (metals), therefore metal
sintering becomes inevitable. This explains the trend of metal particle size during regeneration at different
level of oxygen content. It is also noticed that the agglomerated particle clusters are easily identified in
TEM samples after coke removal, implying that metal agglomeration process is irreversible under current
oxidative regeneration conditions. There are other industrial processes where metal redispersion can be
achieved. For example, oxychlorination process is used to re-disperse Pt–Sn reforming catalyst. In
addition, the density of surface particles appears to be less in samples regenerated using low oxygen
concentration. This phenomenon could be associated with heat transfer limitation during coke removal,
which increases the mobility of metal particles. In summary, with smaller metal particles and less severe
agglomeration phenomenon, the catalyst which regenerated by lower oxygen concentration deactivates
slower within a single DHA reaction cycle.
4.4

Conclusion of Chapter 4

In ethane DHA, metal particle agglomeration is more severe in first DHA reaction cycle and the first
regeneration step, which cause the dramatic loss of hydrogen productivity. According to TEM results, in
additional to coke formation, the deactivation mechanism is speculated to follow the following
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mechanism: metal particles agglomeration and the particles migration toward the surface of the zeolite.
Corresponding EDX results reveal that the agglomeration appears more likely to be heterogeneous by
nature, which means that the gallium particles are surrounded by platinum particles which are
subsequently leached out from the channel. Regeneration of the Ga–Pt/H-ZSM-5 catalyst using lower
concentration of oxygen can improve the catalyst stability and decrease the rate of productivity loss after
each regeneration cycle. NH3-TPD result indicates that using higher concentration of oxygen in
regeneration step can potentially accelerate the dealumination of the catalyst. Other than coke removal,
our findings indicate that both catalyst stability and regeneration protocol are important in DHA reaction.
In the next chapter, novel microwave technology will be applied to ethane DHA process, which will
improve catalyst performance and make the direct natural gas conversion viable in future industrial
application.
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Chapter 5:

Microwave Catalytic Reactor for Upgrading Ethane to Aromatics5

Since the microwave (MW) effects on liquid and solid material were discovered, MW radiation has
been applied to synergize chemical reactions, including oxidative/non-oxidative methane coupling, DHA,
etc. In 1968, Weinreich and Ribner reported the first microwave-assisted chemical process that microwave
plasma (at 2 torrs) was employed to synthesize SiC film (40). The beginning of MW assisted natural gas
conversion can be traced back to 1991 regarding non-oxidative methane coupling, with the generation of
plasma (41). However, the microwave plasma generally requires very low reactor pressure to generate.
Even though ambient-pressure microwave plasma is possible, plasma control with solid or liquid reaction
media in the MW reactor is one of the bottlenecks. Since 2000, researchers have started applying MW
technology in organic synthesis (without plasma generation) and claim that such a microwave-assisted
organic synthesis process is effective and sustainable (42–44). MW is also used as a sample preparation
method (45–47). Recently, in the field of gas-solid heterogeneous catalysis, MW has been employed in
several reaction systems such as ammonia synthesis (48–50), ammonia decomposition (51–55), thermal
decomposition of methane (56–58), etc. Despite many interesting discoveries about MW catalysis were
reported, the research about MW-assisted natural gas conversion to value-added chemical is still lacking.
In this chapter, the molybdenum-based catalysts, developed by Robinson et al., are investigated because
they exhibited better stability and are more cost-effective than gallium-based catalysts (59). Note that the
pure molybdenum catalyst used in this chapter is Mo/HZSM-5, and the composition can be referred in
Chapter 2 (Table 2.2).
5.1

Results of MW-assisted Ethane DHA over Mo-based Catalysts

The reaction conditions can be referred in Chapter 2 (Table 2.2). As shown in Table 5.1, at bulk
catalyst temperature of 400 ℃, a maximum ethane conversion of 80.80% was reached while applying
MW radiation onto molybdenum-iron-zeolite catalyst system. As a comparison, in the control experiment
carried out in traditional conventionally heated fixed-bed (FB) reactor at 400 ℃, ethane conversion is

5

The results, figures, and tables presented in this chapter have been published as Fuel. (2019) 243, pp. 485–492; Xinwei Bai

is the first author.
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almost not initiated. This is largely because at low reaction temperature, ethane molecule cannot be fully
activated to catalyze dehydrogenation of ethane to form ethylene intermediate (39, 60). Most of literature
reports about ethane DHA were operated at 550 oC or higher. Compared with the published results by
Robinson et al. using the same catalyst in the FB reactor at 615 ℃, the conversion in MW reactor is more
than doubled (59). As reported by Robinson et al., Mo/HZSM-5 catalyst was found to exhibit a better
ethane conversion (Table 5.1) (59). However, when applying MW radiation under 400 ℃, the conversion
of ethane on plain Mo/HZSM-5 catalyst appeared to be the lowest among those four catalysts at 6 min
time-on-steam, but to be the highest after 45 minutes reaction. In microwave catalysis, the sensitivity of
active sites (metal clusters) on the support plays key role in the reaction. At the beginning of the reaction,
the bimetallic or trimetallic catalysts may be more sensitive to MW in absorbing electromagnetic energy,
leading to higher conversion than mono-metallic catalyst. As reaction proceeds, coking and metal
agglomeration interfered with MW radiation, reducing the sensitivity to electromagnetic energy.
Table 5.1 Ethane conversion comparison of reaction with and without MW radiation. (Pressure = 1 atm;
feedstock flow rate = 50 SCCM with 36 vol% of ethane, balanced by nitrogen)

Catalysts

Conversion at 6
min Time-OnStream
in MW Reactor,
400 ℃, 6650
MHz

Conversion at 45
min Time-OnStream in MW
Reactor, 400 ℃,
6650 MHz.

Conversion at 6
min Time-OnStream in Fixed
Bed, 400 ℃

Conversion at 7
min Time-OnStream in Fixed
Bed, 615 ℃
(59)

Mo/HZSM-5

64.70%

22.40%

1.98%

29.91%

Mo-Zn/HZSM-5

69.60%

13.80%

1.23%

26.63%

Mo-Fe/HZSM-5

80.80%

15.30%

2.31%

27.72%

Mo-FeZn/HZSM-5

78.60%

17.00%

3.11%

27.33%
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Figure 5.1 Catalytic performance comparison between MW (6650 MHz) and conventionally heated
fixed-bed reactor, evaluated by (a) ethane conversion; (b) production rate of aromatics. (400 ℃; 1 atm;
feedstock flowrate = 50 mL/min with 36 vol% of ethane, balanced by nitrogen)
Figure 5.1 compares the ethane conversion and aromatic (benzene plus toluene) production rate
between the experiments carried out in the microwave (MW) and conventionally heated fixed-bed (FB)
reactors. A trend of catalyst deactivation is observed. The results indicate that, under MW radiation, the
intrinsic nature of the reaction is catalytic but not merely the MW-only effect, otherwise catalyst
deactivation would not have had any impact on the ethane conversion. MW radiation combined with
heterogeneous catalysis can synergistically increase the reaction rate. Therefore, the catalyst deactivation
in MW reactor is attributed to the formation of agglomerated metal particle and carbon deposit. The
aromatics production rate in MW reactor shows two orders of magnitude higher than that obtained in the
FB reactor under the same temperature of 400 ℃. In MW reactor, Mo/HZSM-5 catalyst shows a stable
aromatic production rate after 15 minutes time-on-stream, whereas Mo-Fe/HZSM-5 catalyst exhibits the
highest maximum aromatics production rate among all tested catalysts. In FB reactor, the aromatics
production rate appears to be consistent but at a very low level, which shows the same trend as shown in
the ethane conversion. This result demonstrates the advantages of using MW radiation in assisting a
catalytic reaction.
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Figure 5.2 Hydrocarbon selectivity of reactions carried out in MW reactor (6650 MHz) for different
catalysts: (a): Mo/HZSM-5; (b): Mo-Zn/HZSM-5; (c): Mo-Fe/HZSM-5; and (d): Mo-Fe-Zn/HZSM-5;
400 ℃; 1 atm; feedstock flowrate = 50 mL/min with 36 vol% of ethane, balanced by nitrogen.
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Figure 5.3 Hydrocarbon selectivity of reactions carried out in conventionally heated fixed-bed reactor
for different catalysts: (a): Mo/HZSM-5; (b): Mo-Zn/HZSM-5; (c): Mo-Fe/HZSM-5; and (d): Mo-FeZn/HZSM-5, T = 400 ℃; 400 ℃; 1 atm; feedstock flowrate = 50 mL/min with 36 vol% of ethane,
balanced by nitrogen.
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Figure 5.4 Hydrocarbon selectivity of reactions carried out in fixed-bed reactor for different catalysts:
(a): Mo/HZSM-5; (b): Mo-Zn/HZSM-5; (c): Mo-Fe/HZSM-5; and (d): Mo-Fe-Zn/HZSM-5; 615 ℃; 1
atm; feedstock flowrate = 50 mL/min with 36 vol% of ethane, balanced by helium; time-on-stream = 21
min. (59)
In ethane DHA reaction, the major gaseous hydrocarbon products are methane, ethylene, benzene,
and toluene. Selectivity curves versus time-on-stream are plotted for comparison (Figure 5.2 and Figure
5.3). As shown in Figure 5.2, adding Zn promoter (Figure 5.2b and Figure 5.2d) can improve aromatics
selectivity at early stage, which is consistent with the observation reported by Robinson et al. using an FB
reactor (59). However, the absolute selectivity is not as high as the reaction carried out under 615 ℃
(Figure 5.4). As illustrated in Figure 5.2, an interesting discovery is, methane selectivity in MW reactor is
significantly higher at the beginning, while the ethylene selectivity is lower. Throughout the reaction
period, the selectivity of methane has been dropping while the selectivity of ethylene is increasing. In
contrast, in conventionally heated fixed bed reactor under low or high reaction temperature (Figure 5.3
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and Figure 5.4), the selectivity of methane is consistently lower than the selectivity of ethylene, and the
selectivity do not show similar increasing or decreasing trend as observed in MW reactor. These
discoveries indicate that ethane DHA may undergo different reaction pathways by applying MW radiation,
which will be discussed in later sections.
5.2

Discussion

Microwave radiation influences catalytic reaction through different mechanisms: first, MW can
activate active sites on the catalyst. MW energy penetrates SiO2 material effectively, hence SiO2 which is
the major component of ZSM-5 zeolite (Si/Al = 23, in this case), cannot be efficiently heated up by MW.
However, MW energy can be effectively absorbed by metal particles, specifically nano-scale metal
particles, due to eddy current induced by strong electromagnetic field inside the reactor chamber (61).
Therefore, hot spots are generated on active metal sites and aluminum component over zeolite, which are
known as the Brønsted and Lewis acid sites. This postulation will be reflected in later chapters.
Furthermore, as illustrated in Chapter 4, the main reasons of catalyst deactivation are metal agglomeration
as well as the formation of carbon deposit. The change of metal particle sizes was observed and measured
by TEM analysis. As shown in
Figure 5.5, at 400 ℃, agglomerated metal particles are presented on the catalyst under MW radiation
only, while the metal particles cannot be observed in fixed-bed spent catalyst samples (Figure 5.6).
According to our previous discovery, metal agglomeration is caused by high reaction temperature.
Therefore, under MW radiation, local hot spots might likely exist, which favors DHA reaction
thermodynamically. As shown in Figure 5.7, carbon nanotubes are observed on the spent catalyst with
iron promoter under MW radiation. This result is consistent with what Robinson et al. observed at high
temperature (615 ℃) fixed bed experiment using iron-promoted catalyst (59). The results indicate that
MW radiation does not change the function of metal promoters. Carbon nanotubes were not observed on
the spent catalyst obtained from 400 ℃ fixed-bed experiment due to very limited ethane conversion at
such a low temperature.
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Figure 5.5 TEM images of spent catalysts from MW reactor (6650 MHz); 400 ℃; 1 atm; feedstock
flowrate = 50 mL/min with 36 vol% of ethane, balanced by nitrogen.
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Figure 5.6 TEM images of spent catalysts from fixed bed reactor; 400 ℃; 1 atm; feedstock flowrate = 50
mL/min with 36 vol% of ethane, balanced by nitrogen.
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Figure 5.7 Image of carbon nanotubes in spent catalysts with iron promoter from MW reactor; 400 ℃; 1
atm; feedstock flowrate = 50 mL/min with 36 vol% of ethane, balanced by nitrogen.
Other than selective heating, the electron cloud of metal atoms on the catalyst may exhibit
displacement which results in the formation of electric dipoles. Notice that this polarization effect does
not relevant to MW heating (62). For ethane dehydroaromatization, it is widely acknowledged that the
loaded metal catalyzes formation of ethylene intermediate, which forms aromatics via shape selective
catalysis over zeolite (20, 63). These dipoles, existed on the metal sites, catalyze the formation of polarized
ethylene intermediate which facilitates ethane conversion. It is reported that microwave radiation can
accelerate electron transfer (64). Therefore, under microwave radiation, the formation of dipoles on these
active sites facilitates electron transfer between catalyst and reaction intermediates at catalyst-reactant
interface. Higher production of ethylene intermediate results in higher aromatics production which is
confirmed by our experiment data. As shown in Figure 5.2, reactions carried out in MW reactor exhibit
high methane selectivity which is not observed in either low or high temperature ethane DHA in fixedbed reactor (Figure 5.3 and Figure 5.4). This is related to ethylene hydrogenolysis reaction catalyzed by
MW radiation. Flaherty et al. reported C-C bond activation and cleavage in unsaturated C2 intermediates,
which further form activated C1 species and produce CH4 (65). Enlightened by this interesting discovery,
we postulate that MW radiation can potentially activate ethylene intermediate and further break the C-C
bond on the activated metal sites. It is observed that under MW radiation, the selectivity to ethylene
50

Xinwei Bai: Microwave-Assisted Natural Gas Conversion to Value-Added Chemicals

increases with time-on-stream while methane selectivity decreases. This is a strong proof that the
hydrogenolysis reaction is competing with ethylene oligomerization reactions. The reason that methane
selectivity was decreasing could be ascribed to metal agglomeration, which caused the loss of active metal
sites. This phenomenon also indicates that the hydrogenolysis reaction is catalyzed by molybdenum. As a
result, distracted by MW favored ethylene hydrogenolysis, aromatics selectivity is suppressed, which can
explain the experimental results that the aromatics selectivity in MW reactor was much less than the
reaction carried out in fixed-bed under high operating temperature (615 ℃). The reaction pathways
occurred under MW radiation are described in following (Eqn. 2-7).
Metal,microwave

C2 H6

↔

3 C2 H4 ∗
7

C H ∗
2 2 4

Microwave, ZSM−5

↔

Microwave, ZSM−5

↔

Metal,microwave

C2 H4 ∗ +(2x − 4)H2 →
4−x

CHx ∗ + (

2

) H2

C2 H4 ∗
5.3

→
↔

desorption

C2 H4 ∗ +H2

Eqn. 2

C6 H6 + H2

Eqn. 3

C7 H8 + 3H2

Eqn. 4

2CHx ∗

Eqn. 5

CH4

Eqn. 6

C2 H4

Eqn. 7

Conclusion of Chapter 5

Microwave radiation showed promising synergistic effect on activating catalytic material as well as
forming activated hydrocarbon intermediates. Under MW radiation, ethane dehydroaromatization can take
place over metal doped zeolite catalysts at 400 °C bulk temperature. Ethane conversion of 80% was
achieved over iron promoted molybdenum zeolite catalyst. Meanwhile, aromatics production rate reached
32.5 µmol/min as compared to 20 µmol/min obtained from high temperature conventionally heated fixedbed reactor. Metal agglomeration was observed based on TEM analysis on the spent catalyst obtained at
400 °C MW reactor, indicating the existence of hot spots with temperature higher than 400 °C on metal
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active sites. The increase of aromatics production can be explained by the formation of MW-induced
dipoles on catalyst surface, facilitating the formation of active reaction intermediate. It was noticed that
the MW catalyzed C-C bond cleavage on ethylene intermediate, which lowered overall aromatic
selectivity by increasing methane selectivity. It was observed that methane selectivity decreased
throughout the reaction, probably due to metal agglomeration which further indicated that hydrogenolysis
reaction took place on the metal active sites. In addition, in MW reactor, the effect of promoters over MoZSM-5 catalyst exhibited similar behavior as shown in a conventionally heated fixed-bed reactor,
indicating that MW does not change the catalytic functions of promoters. The next two chapters will
present MW-assisted direct methane conversion, which is more challenging than ethane conversion, and
the focuses will be on the development of microwave-sensitive catalyst material (Chapter 6) and the
fundamental study on microwave-material interaction (Chapter 7).
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Chapter 6: Microwave-Assisted Methane Conversion over Fe-Based MicrowaveSensitive Catalyst: Evidence for Formation of Hot Metal Sites6
Deep understanding on microwave-assisted heterogeneous catalytic reactions is lacking to-date due
to their complexities, limited availability of data on dielectric properties of catalyst materials and
difficulties in in-situ (local) temperature measurement. The degree of temperature difference between
metal sites and support is difficult to predict given that heat conduction from metal to support will also
take place and thus reduce the temperature gradient. Direct measurement of the metal site temperature vs.
support temperature is very challenging due to the limitation of temperature measurement technique
during microwave heating and in particular the ability to measure temperature with sufficient spatial
resolution (down to the nanometer scale). Hot spot formation is often claimed when the observed
conversion under microwave conditions is found to be higher than under conventional heating conditions,
as presented in Chapter 5. In this chapter, the microwave-assisted direct methane conversion with
isomorphous substituted H-(Fe)ZSM-5 catalyst is studied. Iron-based zeolite catalyst (H-(Fe)ZSM-5) is
selected because Fe has been shown to be a competent catalyst for methane activation and also has a strong
magnetic moment to increase the microwave sensitivity (66, 67). Catalyst design of H-(Fe)ZSM-5 focuses
on the identification of its key properties that control the microwave sensitivity. The parameters in H(Fe)ZSM-5 are varied through careful synthetic control to study the individual effect of each parameter.
These parameters include particle size, silicon to aluminum ratio (SAR), and Fe loading. After identifying
the key properties that affect the microwave sensitivity of the catalyst, the catalysts are evaluated
comparatively in conventional heating fixed-bed (FB) and microwave (MW) reactors.
Comparing the catalytic performance under two different heating mechanisms, methane conversion,
product distribution, as well as the reacted catalyst analysis are correlated with catalyst composition and
its microwave sensitivity, the catalyst performance in the MW reactor strongly suggests the formation of
metal hotspot during methane conversion reaction. This study provides a list of evidence that indicate the

6

The results, figures, and tables presented in this chapter have been published as Chem. Eng. J.
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existence of selective heating during the microwave rection. The detailed reaction condition is described
in Table 2.2.
6.1

Synthesis and Characterizations of the Fresh Catalyst

A Zeiss SIGMA VP field emission scanning electron microscope (SEM) was used to determine
material morphology at the beam voltage of 3 kV. Nanoscale morphology is determined by a highresolution transmission electron microscopy (HRTEM, JEOL-2100). An alcohol-dispersed sample was
deposited on a copper type-B support grid (Ted Pella Inc.). The elemental composition of H-ZSM-5 and
H-(Fe)ZSM-5 catalysts were determined by energy dispersive X-ray spectroscopy (EDX) equipped on
SEM (Zeiss SIGMA VP), with a collection total counts of 50,000. X-ray photoelectron spectroscopy
(XPS) was acquired using a Thermo Fischer ESCALAB 250 Xi spectrometer at room temperature under
10-10 torr using Al Kα radiation. Samples were supported on copper tape and external electron flood guns
were used to compensate charge accumulation for non-conducting samples.
The H-ZSM-5 (metal free) was synthesized by a hydrothermal synthesis route. Typically, 6.94 g of
tetraethyl orthosilicate (TEOS, >99.0%) was added into 24.26 ml of deionized water and left stirring for
3h. A second mixture was prepared by combining 0.2664g of NaOH (pellets, 98%) with certain amount
of tetrapropylammonium hydroxide (TPAOH) aqueous solution (1 mol/L in H2O, Sigma Aldrich) and
Al(NO3)3·9H₂O (>98%, Sigma Aldrich). The amount of Al(NO3)3·9H₂O and TPAOH solution depends
on the target Si/Al ratio and size of the sample, with details listed below. The TEOS solution was then
added dropwise into this second mixture to form a transparent gel. The gel solution was aged at room
temperature for 18 h under stirring and then transferred into a sealed Teflon-lined stainless-steel autoclave.
The reactor was kept at 175°C for 24 h while rotating at 65 rpm. Na-ZSM-5 obtained was washed with
deionized water and dried overnight, followed by calcination at 550°C in air for 5 h. Next, Na-ZSM-5
product was converted into H-ZSM-5 by ion exchange with aqueous NH4NO3 solution (1 mol/L) at 80°C
for 15 h. Finally, the material was dried at 100°C under vacuum and calcined at 500°C in air for 5 h.
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For metal-free zeolite catalyst, both particle size and silicon-to-aluminum ratio (SAR) can be expected
to impact microwave-catalyst interaction. Synthesis parameters were tuned carefully to vary one
parameter at a time. The particle size was controlled by varying the ratio of the TPAOH (as structuredirecting agent, SDA) to Si precursor (TEOS), while keeping the Si/Al ratio of the synthesis mixture at
around 122. During zeolite synthesis, the lattice framework built around the SDA molecules to form the
specific pore and zeolite structure. As the SDA amount increases, more nuclei are formed at the nucleation
stage, resulting in smaller particle size by the end of the growth stage. By tuning the ratio of Si to SDA at
0.1, 0.2, 0.27, 0.35, the particle sizes of ZSM-5 were prepared at 5.1, 1.5, 1.0, 0.9 μm (Figure 6.1) while
keeping the Si/Al of the sample similar at around 100. See Table 6.1 (set A) for detailed catalyst synthesis
parameter and composition.
Table 6.1 The synthesis of H-ZSM-5 samples. Set (A) varying size at similar Si/Al ratio; set (B) varying
Si/Al ratio at similar particle size
Sample

Size (μm)

Si/Al ratio

Varying size at similar Si/Al ratio
A1
5.1
96
A2
1.5
93
A3
1.0
110
A4
0.9
98
Varying Si/Al ratio at similar size
B1
9.4*
21
B2
5.0
59
B3
4.9
135
B4
3.9
87
B7
3.9
372
* size of B1 sample deviated from the rest of B set samples due to the effect of Al incorporation
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Figure 6.1 SEM images of H-ZSM-5 samples with varied particle size (at similar SAR): (a) 5.1μm, SAR
95.8; (b) 1.5μm, SAR 93.2; (c) 1μm, SAR 109.5; (d) 0.9μm, SAR 97.6. Scale bar = 2 μm
The Si/Al ratio in the catalysts was controlled by tuning the ratio of Al precursor to Si precursor in the
ZSM-5 synthetic mixture. Al was incorporated into the ZSM-5 framework during the synthesis to create
the Brønsted acid sites (BAS), with structure shown in Figure 6.2b. The Si/Al ratio of the synthesis mixture
was set to be 40, 80, 122, 160, and 400 for the sample of Si/Al measured at 21, 59. 87, 135, 372
respectively. When studying the effect of the Si/Al ratio, the catalyst particle size was kept constant at
around 4 -5 μm. The Si to SDA ratio was kept at 0.1 except for the SAR 372 (B7) sample where the Si to
SDA ratio was adjusted to 0.09 to account for the change in particle size. The detailed information on the
samples used for Si/Al study is listed in Table 6.1, set B.
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Figure 6.2 Schematic representation of incorporated Al and Fe species in H-ZSM-5 and H-(Fe)-ZSM-5:
(a) non-Al or Fe incorporated silicalite structure; (b) Brønsted acid sites in H-ZSM-5 created by Al
incorporation; (c) Brønsted acid sites in H-(Fe)ZSM-5 created by Fe incorporation; (d) Fe substituted
into the metal exchange site.
H-(Fe)ZSM-5 was synthesized by an isomorphous substitution route where highly dispersed Fe could
be built into the zeolite framework (structure shown in Figure 6.2c) and metal exchange site (structure
shown in Figure 6.2d) (66, 68). The synthesis route of H-(Fe)ZSM-5 is similar to the H-ZSM-5 with the
addition of Fe precursor introduced in the initial step. Certain amount of Fe(NO3)3·9H₂O (99.95%, Sigma
Aldrich) was added into 24.26 ml of deionized water and then 6.94 g of tetraethoxysilane (TEOS) were
added dropwise into the solution and left stirring for 3 h. A second mixture was prepared by adding
0.2664g of NaOH into 3.387g of tetrapropylammonium hydroxide aqueous solution (1 mol/L in in H2O,
Sigma Aldrich) with certain amount of Al(NO3)3·9H₂O (>98%, Sigma Aldrich). The TEOS solution with
Fe precursor was then added dropwise into second mixture to form a transparent gel. The following
synthesis steps proceeded in the same way as the H-ZSM-5 synthesis described above.
The amount of Fe incorporation was varied from 0.2-2wt% in H-(Fe)ZSM-5 by changing the
amount of Fe(NO3)3·9H₂O in the synthesis mixture. The Si/Fe ratio of the synthesis mixture was 452, 152,
and 46 for samples with Fe loading of 0.2, 0.6, and 2wt%, respectively. The amount of Al(NO3)3·9H₂O in
the synthesis mixture was kept at a constant Si/Al ratio of 122 among the samples. As the Fe loading
increases, the platelet structure of ZSM-5 was broken up into smaller fragments because Fe incorporation
disrupts the growth of the ZSM-5 structure, as shown in the SEM images in Figure 6.3. Three additional
samples with low Si/Al ratio of 35 (i.e. high Al content) were also prepared for the thermo-catalytic and
microwave reactivity tests, with Fe loading varying from 1, 1.5, to 2wt% by tuning the Si/Fe ratio of the
synthesis mixture to 91, 61, and 46, respectively. The detailed composition and synthesis parameters of
the H-(Fe)ZSM-5 samples are listed in Table 6.2.
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Figure 6.3 SEM images of H-(Fe)ZSM-5 with variation in Fe loading: a) 0.2wt%Fe b) 1wt% Fe c)
1.5wt% Fe d) 2wt%Fe. Scale bar = 2 μm
Table 6.2 The synthesis of H-(Fe)ZSM-5 samples. Set (C) varying Fe loading at high SAR (low Al
loading) range; set (D) varying Fe loading at low SAR (high Al loading) range
Synthesis
Sample
Si/Fe ratio

a

Synthesis
Si/Al ratioa

Fe loading
(wt%)

High SAR
C1
452
122
0.2
C2
152
122
0.6
C3
46
122
1.9
Low SAR
D1
91
40
1.0
D2
61
40
1.5
D3
46
40
2.0
a Atomic ratio of Si and Fe added in the synthesis mixture
b atomic ratio of Si and Al measured by SEM EDX
6.2

Al loading
(wt%)

Si/Al ratiob

0.2
0.2
0.3

214
160
148

1.1
1.1
1.1

35.3
37.5
35.7

Microwave Sensitivity Study of the Catalyst

As elaborated in Chapter 1, the complex dielectric properties are essential of describe how well a
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material response to microwave radiation. The loss tangent (tan δe) quantifies the magnitude of the
microwave electric field loss (and therefore heating) in the process. The extent of microwave-catalyst
coupling is significantly influenced by the depth up to which the radiation penetrates. The penetration
depth is typically defined as the point where microwave power drops to 1/e. It is proportional to the
wavelength of the radiation and depends on the dielectric properties of the material. The Dp (penetration
depth) can be described as follows:
𝐷𝑝 =

𝜆 √𝜀 ′
2𝜋 𝜀 ′′

Eqn. 8
Where λ is the wavelength of microwave radiation. For the current catalyst system, particle size and
catalyst composition are expected as key catalyst properties for microwave sensitivity study. The effect
of particle size is related to the microwave penetration depth, while composition, i.e. Si/Al ratio and Fe
loading in H-ZSM-5 and H-(Fe)ZSM-5 samples, will affect microwave sensitivity by varying the dipole
moments within the catalyst. To evaluate the effect of these parameters on microwave sensitivity,
dielectric measurements are conducted using a network analyzer. While these measurements are
conducted at room temperature (rather than at the reaction temperature), they still enable identifying
correlations between catalyst properties and microwave sensitivity given the dependence of parameters
with temperature would not change the relative trending between different samples.
A vector network analyzer measures the magnitude and phase data of the transmitted and reflected
microwave radiation over the sample, which are then processed into the relative dielectric permittivity and
magnetic permeability using Nicholson-Ross-Weir (NRW) transmission/reflection method. The presence
of Brønsted acid sites (BAS) in the zeolite can couple with the electric field of the microwave radiation
via dipole, space-charge, or interfacial loss mechanisms. When the zeolite is placed under microwave
radiation, the localized dipole moments of BAS hydroxyl groups (-Si-Al(OH)-Si-) will try to align
themselves and oscillate with the microwave electric field. Since the dipole rotation cannot follow the
frequency of the oscillation, microwave energy is lost as heat. The above defined loss tangent (tan δ)
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describes the magnitude of heating that can occur in the material upon interaction with the microwave
radiation.
Loss tangent is measured for H-ZSM-5 samples for a range of particle sizes from 0.9 to 5um at similar
Si/Al ratio (~90-100) to investigate the effect of zeolite particle size on the microwave sensitivity of the
material. As shown in Figure 6.4a, the measured loss tangents do not show a significant dependence on
particle size. This agrees with expectations since related oxides show penetration depths many orders of
magnitude above the particle size (penetration depth of quartz is ~77,900 mm and of alumina is ~12,600
mm). The penetration depth of zeolites is hence expected to be in a similar range, i.e. 104 to 105 mm (69).
Overall, particle size impact on microwave sensitivity is hence negligible for these materials.
To study the effect of the Si/Al ratio on microwave sensitivity, loss tangents are measured on samples
with Si/Al ratio varied from 21 to 372. A systematic trend is observed between the Si/Al ratio and loss
tangent as shown in Figure 6.4b. With decreasing Si/Al ratio (i.e. more Al incorporation in the ZSM-5
structure) the loss tangent increases, indicating an increasing microwave sensitivity. As described above,
incorporation of Al in ZSM-5 introduces Al-O dipoles and creates Brønsted acid sites which introduce HO dipoles. As the number of dipoles in the sample increases, more microwave energy can be absorbed,
thus increasing the microwave sensitivity of the material.
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Figure 6.4 Loss tangent measurement on H-ZSM-5 material to evaluate (a) the effect of particle size and
(b) effect of Si/Al ratio on microwave sensitivity. Loss tangent was calculated from permittivity
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measured by microwave network analyzer. Particle size has no significant influence on loss tangent
while decreasing the Si/Al ratio systematically increases the loss tangent.
On the microwave sensitivity side, isomorphous substituted H-(Fe)ZSM-5 is expected to have
higher microwave sensitivity due to additional dipoles created during metal incorporation. Similar to Al,
a dipole can be created between iron incorporated into the framework and oxygen in the ZSM-5
framework, and trivalent Fe incorporated into ZSM-5 can also generate Brønsted acid sites and H-O
dipoles (see Figure 6.2c). The effect of Fe loading on microwave sensitivity is evaluated by incorporating
a controlled amount of Fe into the H-(Fe)ZSM-5 framework. Based on the above observation that Al
incorporation improves the microwave sensitivity, increasing Fe loading is expected to have a similar
effect. Indeed, a systematic increase in loss tangent is observed for H-(Fe)ZSM-5 with increasing Fe
loading from 0 to 1.9wt% (see Figure 6.5a). The aluminum content is kept constant at ~0.2wt% and hence
isolate the effect of Fe loading. The similar improvement effect of Fe or Al on microwave sensitivity can
be further illustrated by comparison across the H-ZSM-5 and the H-(Fe)ZSM-5 samples. In Figure 6.5b,
a systematic trending on loss tangent can be found in terms of the total metal content (in at%), As the
degree of metal incorporation increases (higher metal content), the loss tangent curve shifts up to give
higher values.
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Figure 6.5 Loss tangent measurement on (a) H-(Fe)ZSM-5 material to evaluate the effect of Fe loading
on microwave sensitivity (b) H-ZSM-5 and H-(Fe)ZSM-5 samples to demonstrate the similar effect of Fe
vs Al incorporation on loss tangent. Loss tangent was calculated from permittivity measured by
microwave network analyzer. As the total metal loading increases (Al and/or Fe), the loss tangent
increases.
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Figure 6.6 XPS spectra for isomorphous substituted H-(Fe)ZSM-5 of 1.9wt%, 0.6wt%, and 0.2wt% Fe
loading. The Fe3+ 2p3/2 peak at 711 eV represent the presence of Fe2O3 in the 1.9wt% sample.
Increasing Fe loading is found to also give rise to formation of iron oxide clusters when the ZSM5 structure cannot easily accommodate the total Fe content into its framework. XPS analysis (Figure 6.6)
shows the appearance of a Fe 2p 3/2 peak at 711 eV assigned to Fe2O3 in the sample with highest (1.9wt%)
Fe loading, suggesting the formation of separate iron oxide clusters due to “over-saturation” of the H(Fe)ZSM-5 structure. With increasing amount of Fe loading, the ZSM-5 sample cannot accommodate all
the Fe in the framework anymore, and for the 1.9wt% sample, the presence of (extra-framework) iron
oxide clusters is identified. Interestingly, for this sample, there is also a distinct change in the shape of the
loss tangent curve. The change could, hence, be related to the formation of Fe2O3, which introduces a
different type of Fe-O dipole that may interact differently and give rise to a stronger interaction at higher
MW frequencies.
The dielectric testing confirmed that catalysts with low Si/Al ratio (more Al incorporating) and high
Fe loading was more applicable for microwave dielectric heating. To test microwave assisted catalysis,
two samples with low Si/Al (Si/Al ~35) and relatively high (1 and 2wt%) Fe loading are chosen. The
microwave sensitivity of these samples is measured and verified to follow the trends discussed above (see
Figure 6.7).
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Figure 6.7 Loss tangent measurement of H-(Fe)ZSM-5 sample at microwave reactor operating
frequency (5850 MHz) plotted vs Si/M ratio. The low Si/M ratio samples (low SAR and high Fe
loading) were confirmed to give higher loss tangent and identified as microwave sensitive catalyst
proceed forward in the microwave reactivity testing.
6.3

Microwave Heating Performance of the Catalyst

To confirm the observed trends on microwave sensitivity, the samples are first subjected to a
microwave heating test to evaluate how effectively microwaves can heat up these catalysts. The higher
the loss tangent, the more energy is converted to heat during the interaction of the microwave radiation
with the material. Therefore, materials with a higher loss tangent should heat up more efficiently under
microwave radiation. Microwave heating test is done by placing the sample in the microwave reactor in
an inert environment (UHP N2). The power of the microwave reactor was ramped up to its maximum (180
W) to reach a target temperature of 400 ℃ measured by the IR sensor. As discussed in the dielectric
testing study, increasing Al and Fe incorporation into the zeolite improves the microwave sensitivity
through the introduction of Brønsted acid sites and the corresponding dipoles. This is qualitatively
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confirmed in the MW heating tests.
Samples with varied Fe loading (from 0.2wt% to 2wt%) and SAR (from 500 to 35) are tested. The
results show a strong correlation between the metal (Al+Fe) loading in the zeolite samples and the ability
to heat this sample using microwave radiation. As shown in Figure 6.8a, starting with low metal loading
(Al+Fe < 0.35 at%), the samples cannot be heated significantly by the microwave radiation even when
applying the maximum power of 180W. As the metal loading is increased to 0.7 and 0.9 at%, the sample
can be heated to 110 and 130℃, respectively, by applying the maximum power. With further increase in
metal loading, the target temperature of 400 oC can finally be reached with reduced power required at the
highest Fe loading. It should be noted that this systematic correlation between the ease of heating and the
metal loading only exists for the combined (Al+Fe) loading. No systematic correlation between
microwave heating and metal loading can be found if considering only the Al content or the Fe loading
alone (Figure 6.9), indicating again that the substitution of Si with a trivalent metal and the creation of the
resulting dipoles is primarily responsible for the microwave sensitivity, while the nature of the metal plays
a secondary role. However, as the reactive tests in the following section will indicate, Fe may result in a
more localized heating, well below the spatial resolution of the IR sensor used in the present experiments
(which represent temperature averages over micron length scales). The detailed composition and heating
test results are listed in Table 6.3.
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Figure 6.8 Evaluation of microwave heating capacity of various H-(Fe)ZSM-5 samples by comparing
the maximum heated temperature and heating power in microwave reactor. The Microwave frequency is
set at 5850 MHz and 100% MW power is 180 W.

Figure 6.9 Microwave heating capacity of the H-(Fe)ZSM-5 samples were evaluated by comparing the
maximum heated temperature and heating power in microwave reactor. Al and Fe variation can both
affect the microwave heating capacity, no systematic trending can be found if comparing with (a) Alcontent-only and (b) Fe-content-only.

Table 6.3 Samples evaluated for microwave heating test: composition and microwave heating results
At%

Wt%

MW heating results

Sample

Si/Al
ratio

Power required
Temperature
reached [°C]

Fe + Al

Fe

Al

Fe

Al

C1

0.21%

0.07%

0.14%

0.21

0.21

214

RT*

100%

C2

0.34%

0.19%

0.15%

0.56

0.21

160

RT

100%

C3

0.87%

0.68%

0.20%

1.9

0.27

148

130

100%

C4

0.66%

0.58%

0.08%

1.6

0.10

496

111

100%

D1

1.15%

0.35%

0.80%

0.99

1.1

35.3

400

94%
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[% of
maximum] **
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D2
*

1.51%

0.71%

0.80%

2.0

1.1

35.7

400

60%

RT is room temperature, which means the catalyst cannot be heated effectively
Maximum power of microwave reactor is 180W

**

6.4

Catalytic Performance Evaluation

The development of microwave sensitive catalysts needs to focus on both the microwave sensitivity
and catalytic reactivity of the catalyst materials. For zeolites, the two properties can be expected to be
closely correlated: The microwave sensitivity was seen to be correlated with the SAR of the H(Fe)ZSM-5 samples which controls its acidity and hence its ability to catalyze the aromatization step, as
well as the Fe loading which is expected to impact its ability to activate methane. The catalytic reactivity
of highly microwave sensitive catalysts (i.e. samples with high Fe loading and low SAR) is evaluated in
a conventionally heated fixed-bed (FB) reactor to study its thermo-catalytic reactivity and then
compared to their performance in a microwave (MW) reactor to identify the effect of microwave
radiation.
6.4.1

Thermo-catalytic reactivity test

To evaluate the catalytic performance of the microwave sensitive catalyst, a reactivity test carried
out in a FB reactor is conducted first to establish a benchmark performance. Three isomorphous substituted
H-(Fe)ZSM-5 samples with low Si/Al ratio (~35) and varied Fe loading (1wt%, 1.5wt%, and 2wt%) are
tested in a conventionally heated fixed-bed reactor at 700°C (the typical reaction temperature for methane
dehydroaromatization reaction). The results are shown in Figure 6.10. As increasing Fe loading, the
maximum methane conversion increases which confirms the function of Fe as the methane activation
center. A long induction period (time required to reach maximum methane conversion) is observed for all
samples in agreement with previous studies on Fe-ZSM-5 catalyst (66, 70, 71). During the induction
period, oxidized Fe (III) in the fresh (as-synthesized) sample is reduced and carburized to iron carbide or
iron oxycarbide, which have been previously reported as the active species for the methane DHA reaction
(70, 71). The dependence of the length of the induction period on the Fe loading can be related to the Fe
speciation in the sample as increasing Fe loading results in an increasing amount of iron oxide clusters in
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ZSM-5. These species are likely more readily reducible than the isolated Fe species in zeolite framework
and exchange site. Similar observations have been reported for Cr/HZSM-5 materials (72).

Figure 6.10 Thermo-catalytic reactivity performance for isomorphous substituted H-(Fe)ZSM-5
catalysts at 700 °C (a) methane conversion (b) benzene selectivity. Reactor feed was 50 vol% CH4 in Ar,
WHSV: 3750 mL/g/h.
The measured benzene selectivity profile is also found to be affected by the Fe loading. The
maximum benzene selectivity is comparable for the two higher loading samples (1.5wt% and 2.0wt%) but
drops to half for the lower loading (1wt%) sample. Based on the widely accepted reaction mechanism
described in the introduction, the benzene selectivity is expected to depend on the Brønsted acidity of the
samples (73, 74). This result is hence consistent with the expectation that the introduction of trivalent Fe
into the zeolite lattice should result in similar BAS formation as the (well-studied) introduction of Al in
the zeolite. Due to the extra-framework Fe oxide cluster formation at higher loading range (beyond
1.5wt%), the addition of Fe cannot create more BAS further so that comparable benzene selectivity was
observed for the higher loading samples. The thermo-catalytic reactivity test confirms the roles of metal
and zeolite in methane conversion for this class of catalysts and constitutes the baseline reference for the
microwave reactivity tests.
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6.4.2

Microwave-catalytic reactivity test

The microwave-assisted catalytic performance of the low (1 wt%) and high Fe-loading samples (2
wt%) is evaluated at a fixed microwave frequency of 5850 MHz and results are shown in Figure 6.11.
Compared with the performance in the conventionally heated fixed-bed (FB) reactor, the reactions show
drastically higher methane conversion and shorter induction periods in the microwave (MW) reactor.
About 40% methane conversion is achieved at 550 ℃ in the MW reactor, whereas in FB reactor less than
3.5% conversion is observed at a 150oC higher reaction temperature at the same weight hourly space
velocity. This much enhanced methane conversion in the MW reactor is consistent with a scenario where
the actual temperature of the Fe site is far above the measured bulk catalyst temperature and even well in
excess of the catalyst temperature in the FB reactor experiment (i.e. > 700oC).
Interestingly, comparison of the selectivity results suggests that this efficient microwave heating
may in fact be selective for the Fe site. Figure 6.12 shows the product yield (Figure 6.12a, b) and selectivity
(Figure 6.12c, d) towards C2 and benzene, respectively, for both MW and FB conditions. While the C2
yield in the MW reactor is higher, the benzene yield is strongly reduced (gaseous product selectivity in
the MW reactor is shown in Figure 6.13). Based on the commonly proposed reaction mechanism, the
aromatization step occurs over the BAS of the zeolite (66, 71). The lower benzene selectivity and yield
reveals that the relative rate of aromatization is much reduced under MW conditions. This suggests that
the zeolite phase is significantly colder than the metal sites under MW conditions compared to FB
conditions leading to a large temperature gradient between the hot Fe site (>700 ℃) and the comparatively
cold zeolite (around 550 ℃ from the measured bulk T). The high methane activation over the hot Fe sites
results in high conversion and desorption of a large number of active CxHy species into the gas phase. The
comparatively cold zeolite is then much less active in catalyzing the aromatization reaction, resulting in
low benzene selectivity and comparatively high C2 (ethane and ethylene) selectivity from non-catalytic
dimerization of the CHx species in the gas phase. However, due to the high conversion at MW conditions,
the yield of C2 products is higher in the MW reactor while the benzene yield is comparable between MW
and FB conditions at early time-on-stream.
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Figure 6.11 Methane conversion in the MW reactor (T = 550 ℃; P = 1 atm; MW frequency = 5850
MHz; WHSV = 3744 mL/g/h; methane concentration in feed = 50 vol%) vs in FB reactor (T = 700℃; P
= 1 atm; WHSV = 3750 mL/g/h; methane concentration in feed = 50 vol%).
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Figure 6.12 Product yield (a) C2 (C2H4 + C2H6) and (b) C6H6 and selectivity (c) C2 (C2H4 + C2H6) and
(d) C6H6 in the MW reactor (T = 550 ℃; P = 1 atm; MW frequency = 5850 MHz; WHSV = 3744
mL/g/h; methane concentration in feed = 50 vol%) vs in FB reactor (T = 700℃; P = 1 atm; WHSV =
3750 mL/g/h; methane concentration in feed = 50 vol%).
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Figure 6.13 Gaseous selectivity in the MW reactor (T = 550 ℃; P = 1 atm; microwave frequency = 5850
MHz; WHSV = 3744 mL/g/h; methane concentration in feed = 50 vol%).
6.5

Spent Catalyst Characterizations
6.5.1

Metal Sintering

Selective heating is one of the most important microwave effects in gas-solid heterogeneous
catalysis. The degree of heating from microwave radiation depends on the microwave sensitivity of the
solid. The dielectric measurements and microwave heating tests for H-ZSM-5 and H-(Fe)ZSM-5 showed
that increasing Fe loading significantly improves the microwave sensitivity (loss tangent) of the zeolite
materials (see Figure 6.5). A similar increase in microwave adsorption at metal species was also reported
for MoS2 supported on Al2O3 (75). Due to the difference of dielectric properties between metal species
and catalyst support, heating is not homogeneous and local hot spots can occur on the metal sites.
To further support the claim of metal hotspot formation, TEM images of spent catalysts were
evaluated to compare the size of metal particles formed from metal agglomeration at the high-temperature
reaction conditions. Figure 6.14 and Figure 6.15 show TEM images of spent samples from the FB and
MW experiments, respectively. A large number of crystallized carbon (carbon nanotubes and nanofibers)
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can be observed on all these spent samples, in agreement with the findings presented in Chapter 5. More
importantly, the agglomeration of metal particles can be observed due to high reaction temperature
(Smoluchowski ripening or Ostwald ripening), which is one of the main causes of catalyst deactivation
(as elaborated in Chapter 4 and 5). Since the Smoluchowski ripening usually occurs on the weak metalsupport interaction, the iron was synthesized into the framework and this metal-support interaction is
considered strong, Ostwald ripening is believed to be the main metal sintering mechanism in this case
(76). This requires further confirmation. Showing in the Figure 6.14, the sizes of the sintered metal
particles in the spent FB catalyst range from 10-40 nm. In contrast, the size of the metal agglomerates is
significantly larger in the MW reactor (Figure 6.15), despite the fact that the nominal reactor temperature
is significantly lower and catalyst sintering should hence be much reduced. The particle size distribution
is presented as Figure 6.16. This lends strong further support to the existence of metal hotspots and gives
further evidence that the temperature at these hotspots is well in excess of 700 ℃ (i.e. the temperature in
the FB experiments). The temperature of the hot sites can be estimated by calculating the Hüttig and
Tamman temperature of the iron carbide nanoclusters, and our group will further study this physical
property.
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Figure 6.14 TEM images of the spent catalyst tested in the FB reactor: (a): 1 wt%Fe sample; (b): 2
wt%Fe sample.
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Figure 6.15 TEM images of the spent catalyst tested in the MW reactor: (a): 1 wt% Fe sample
(agglomerated particles); (b): 2 wt%Fe sample (agglomerated particles); (c): 1 wt%Fe sample (carbon
species) and (d): 2 wt% Fe sample (carbon species).
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Figure 6.16 Particle size distribution of sintered metal particle size based on the TEM images (IQR:
Interquartile Range)
6.5.2

Coke Species Comparison

In addition to the desired products (C2 and C6H6), coke formation is inevitable in direct methane
conversion as it is the thermodynamically favored product. For light alkane conversion on metal-promoted
zeolite catalysts, the formation of three types of coke has been reported before: carbidic, polyaromatic,
and graphitic carbon (77, 78). The carbidic carbon comes from carburized metal species formed during
the activation period (71). Polyaromatic coke, such as anthracene and heavier aromatic species, is formed
by the polymerization of C2 and C6H6 on the Brønsted acid sites (77, 78). Graphitic carbon occurs from
the deep dehydrogenation of the carbon-contained reaction intermediates (79). It is H-poor and highly
unreactive with a combustion temperature higher than 500 ℃ (28). As shown in Figure 6.17, a much
higher coke selectivity was observed in MW reactivity tests compared to the FB reactivity tests, possibly
76

Xinwei Bai: Microwave-Assisted Natural Gas Conversion to Value-Added Chemicals

again due to the metal hot-spot formation under MW radiation which enhances the methane activation and
dehydrogenation on this site, ultimately also enhancing (undesired) deep dehydrogenation. The type of
coke species after MW and FB operation was further characterized via carbon combustion using
thermogravimetric analysis (TGA, for microwave test) and temperature programed oxidation (TPO) for
FB tests.

Figure 6.17 Coke species selectivity in the MW reactor (T = 550 ℃; P = 1 atm; MW frequency = 5850
MHz; WHSV = 3744 mL/g/h; methane concentration in feed = 50 vol%) vs in FB reactor (T = 700℃; P
= 1 atm; WHSV = 3750 mL/g/h; methane concentration in feed = 50 vol%).
Figure 6.18 shows CO2 and H2O formation during TPO of spent FB samples with Fe loading
varied from 1 wt%, 1.5 wt%, and 2 wt%. The CO2 profile in TPO for all three H-(Fe)ZSM-5 samples
shows a sharp peak at 430 ℃ with a shoulder at 460 ℃, and an additional higher temperature peak for the
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2 wt% Fe loading sample at around 600oC. The low-temperature oxidation peak (430 ℃) is accompanied
by water formation, suggesting that the low-temperature peak is from the (comparatively H-rich)
polyaromatic hydrocarbon species. The shoulder at 460 ℃ has previously been attributed to carbidic
carbon in the carburized Fe species (80). The height of this shoulder increases as Fe loading increases
from 1wt% to 1.5wt%. As the Fe loading further increases to 2 wt%, the carbidic carbon peak decreases
and a high-temperature peak appears at 600 ℃. The high-temperature peak can be assigned to the graphitic
coke. As discussed earlier, the 2 wt% sample has the shortest induction period and hence underwent a
longer (active) reaction time and also a longer exposure to deactivation than the other samples, likely
allowing for the graphitic coke appears as a result of the deep dehydrogenation of reaction carbon species
deposits (81, 82).

1.0wt% - mass 44 (CO2 signal)
1.5wt% - mass 44 (CO2 signal)
2.0wt% - mass 44 (CO2 signal)
1.0wt% - mass 18 (H2O signal)
1.5wt% - mass 18 (H2O signal)
2.0wt% - mass 18 (H2O signal)
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Figure 6.18 Temperature programed oxidation on FB spent samples to investigate the types of carbon
deposition. Fe loading of tested sample varied at 1wt%, 1.5wt% and 2wt%. Spent sample was heated
from room temperature to 800℃ at 5°C/min under 20%O2 (balanced argon) flow.
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In contrast to the FB samples, the coke formed on the MW samples is much less reactive, as
indicated in the coke type analysis results in Figure 6.19. A large peak at high temperature (>600 ℃)
indicates strong graphitic carbon formation, with a long tail around 450-500 ℃ from some carbidic carbon.
The tail of the 2wt% sample is higher than that of the 1wt% sample which is due to higher iron content in
the catalyst. A small shoulder at around 750 ℃ likely indicates polyaromatic coke residing in the zeolite
channel (83). Combination with the observation from TEM images suggests that carbon nanotube and
nanofiber formation is by far the dominant mechanism for coke formation at MW conditions.

Figure 6.19 Analysis on the types of coke species in MW spent samples compared with FB spent samples.
However, it is also conceivable that similar coke species (low and high temperature coke) could
be formed initially at both FB and MW conditions, followed by the transformation of the (more reactive)
low-temperature coke species into the more inert, H-poor, high-temperature coke species at MW
conditions. To test this possibility, a 2wt%Fe catalyst (one of the best performing catalysts at FB
conditions) was first tested in a FB experiment (3 h time-on-stream). Then, the spent catalyst was
transferred into the MW reactor and exposed to MW radiation for another 3 hours under inert environment
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(pure N2, 5850 MHz, 550 ℃). The results show that microwave radiation did not change the coke that
was already formed on the catalyst surface (Figure 6.20). Therefore, this experiment verified that the coke
formation routes are indeed different at MW vs. FB conditions.

Figure 6.20 TGA result of the coke transformation experiment on spent 2 wt% catalyst: (a): weight vs.
Temperature; (b): d(weight)/dT vs. Temperature. There is no difference in terms of coke type between
(a) and (b). (Reaction conditions: FB reactor: 700 ℃, 3-hr time-on-stream, 50 vol% CH4 in balanced N2,
3744 mL/g/h; MW reactor, 550 ℃, 5850 MHz, 3-hr time-on-stream, UHP N2, 3744 mL/g/h).
Overall, the coke formation at MW and FB conditions thus further supports the formation of a
metal hotspot which shifts the coke formation to occur predominantly on the metal site. At the hot metal
site, methane deep dehydrogenation is accelerated to give rise to a large amount of H-poor coke (carbon
nanotubes and nanofibers). On the other hand, the lack of low temperature coke at MW conditions
indicates a low bulk temperature in the zeolite which suppresses the formation of polyaromatic coke.
Carbon is a highly microwave sensitive species due to its high electrical conductivity, which enables Joule
heating (Ohmic heating) under microwave radiation. We noticed that when the methane feed was
introduced in the MW experiments, the power required to maintain the reaction temperature significantly
decreased. One could hence suspect that the existence of coke will enhance MW absorption and thus cause
formation of hotspots in the catalyst bed. To test this hypothesis, 10% carbon nanotube powder by weight
(i.e. similar weight and type as the deposited carbon) was mixed with 1wt%Fe-ZSM5, and evaluated under
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MW reaction conditions. The result (Figure 6.21) shows that the methane conversion is even higher but
the yield of C2 and benzene are reduced in comparison to the same catalyst without carbon addition. This
suggests that the presence of coke triggers methane decomposition, which is undesirable since it forms
coke and hydrogen. The increased hydrogen formation will shift the equilibrium of the desired
aromatization reaction towards the reactants, and coke formation will cover the active sites and/or zeolite
channels and is hence responsible for much more rapid deactivation of the zeolite catalyst under MW
conditions, as shown earlier in Figure 6.11.

Figure 6.21 (a) methane conversion and (b) product yield in the MW reactor (T = 550 ℃; P = 1 atm;
MW frequency = 5850 MHz; WHSV = 3744 mL/g/h; methane concentration in feed = 50 vol%) with or
without carbon nanotube (CNT) addition (10 wt% physical mixture).
6.6

Conclusion of Chapter 6

This chapter reported on the careful design of microwave-sensitive catalysts and their evaluation in
direct non-oxidative methane conversion to benzene over an Fe-incorporated ZSM-5 catalyst in order to
probe the existence of selective local heating under microwave radiation. With increasing iron and
aluminum substitution into the zeolite lattice were found to increase the microwave sensitivity and heating
capability of H-(Fe)ZSM-5, presumably due to the creation of dipoles in the catalyst. Comparative
evaluation of these catalysts for direct methane conversion at microwave (MW) and conventional heating
fixed-bed (FB) conditions then allowed the identification of microwave-specific effects. Methane
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conversion is strongly enhanced at MW conditions compared to FB conditions despite much lower bed
temperatures, while benzene selectivity is significantly reduced, and carbon selectivity increased. This
indicates that methane activation, which occurs on the metal site, is strongly accelerated over the
aromatization at the Brønsted acid sites of the zeolites, and hence suggests much elevated temperature at
the metal site in comparison to the zeolite phase. This formation of metal hot spots is further supported by
(i) much enhanced metal aggregation at MW conditions, indicating increased metal mobility due to higher
temperature, (ii) enhanced formation of deeply dehydrogenated “hard coke”, and (iii) much reduced
catalyst activation times at MW conditions, which are all strong indications for increased temperature at
the metal site. While the (nominal) catalyst bulk temperature at MW conditions (measured via IR probe)
was only 550oC, the results suggest a metal site temperature well in excess of the 700oC at FB conditions,
i.e. our results suggest the presence of a temperature gradient in excess of 150oC between the active metal
site and the zeolite support.
Through the careful design of a microwave sensitive catalyst and investigation of the effects of
microwave radiation on direct non-oxidative methane conversion, this study hence provides strong support
for the existence of selective microwave heating of a (catalytic) metal site. Such selective heating via
microwave radiation opens the ability to separately tailor the temperature of different components of a
catalyst and thus enables tuning of catalytic processes beyond conventional, i.e. thermally activated,
catalytic processes by accelerating desirable reaction pathways while suppressing the formation undesirable side products. In order to fully exploit this effect, a better understanding of the design of
microwave-sensitive catalysts is required on the materials side, and efficient designs to scale up a
microwave process to industrial scale need to be developed on the engineering side. Also, fundamental
study of microwave-material interaction is necessary, and this will be further discussed in the next chapter.
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Chapter 7: A Combined Experimental and Modeling Study of Microwaveassisted Methane Dehydroaromatization Process7
Compared with direct ethane conversion illustrated in previous chapters, methane conversion is more
difficult because the methane molecule is more stable than ethane molecule, which makes it more difficult
to form C2 intermediate (methane dimerization versus ethane dehydrogenation). In recent decade, thanks
to developing different microwave (MW) reactor designs, microwave assisted chemical reaction has
gained significant attraction and microwave has started playing a role in gas-solid heterogeneous catalysis
to convert methane into value-added chemicals and carbon products, such as methane decomposition and
methane reforming reactions, and the researchers reported that MW significantly enhances the product
yield and methane conversion (57, 84–88).
The numerical simulation (finite-element method) of the MW reactor is one of the main directions of
reactor development and mechanistic study. In particular, Gadkari et al. presented reactor simulation of
microwave-assisted thermal decomposition of methane (58); Musho et al. provided a microscopic look of
how particles behave in the presence of microwave radiation (89); Goyal et al. illustrated the scale-up
potential of the microwave reactor using finite-element simulation (90). Several physics are involved in a
microwave-assisted gas-solid heterogeneous catalysis process, including fluid flow, mass transfer
(chemical reaction), heat transfer, and electromagnetic waves. Specifically, the involvement of
electromagnetic waves will affect heat transfer and bring on other effects. These physics make the
mechanistic investigation of MW-assisted reactions complicated, especially for complex reactions such
as methane DHA. Previously, our group investigated microwave-assisted direct ethane DHA processes
(91, 92). Those studies pointed out the existence of hot metal sites (hot spots) and used a catalytic activity
approach to estimate the hot spot temperature. However, due to the limitation of characterization methods,
the microwave-material interaction was not further investigated. This chapter presents the catalytic

7

The results, figures, and tables presented in this chapter are based on a manuscript which is currently reviewed by Chem.

Eng. J. (Manuscript Number: CEJ-D-21-15923); Xinwei Bai is the co-first author.
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performance of methane aromatization and the finite-element simulation which investigates the
microwave-material interaction.
7.1

Experimental Study: Catalyst Performance in Methane DHA

7.1.1
MW Reactor versus FB Reactor
Table 7.1 Taguchi design of experiment for this chapter.

Levels

Temperature
(T; ℃)

Frequency
(f; MHz)

Feed Flow Rate
(V; SCCM)

-1

450

5850

25

0

500

6250

50

1

550

6650

100

Note that the catalyst used in this chapter is 4Mo/HZSM-5 as shown in the Table 2.2. A Taguchi
(orthogonal) design of experiment was applied in this chapter, thus only 9 sets of experiment are needed
to investigate the effects of 3 variables at 3 levels (Table 7.1 and Table 7.2). Methane conversion and
benzene production rate were compared to evaluate the catalytic performance of Mo/HZSM-5 catalyst
under different feed flow rate, microwave frequencies, and temperatures. The results are shown in Table
7.2. JMP 13 was used to statistically analyze whether reaction temperature, microwave frequency, or feed
flow rate affect catalyst performance in methane DHA. A significance level (α) of 0.1 was utilized for
statistical tests of effect to lower the probability of type II error (false negative) in this case. The actualby-predicted plots (Figure 7.1) show the statistic model provides a good fit for the experimental results.
At 450 ℃, around 30% methane conversion can be achieved (Experiment #2), which exceeds the
thermodynamic limit that was calculated by Spivey and Hutchings (93). By comparing the maximum
benzene production rate under different reaction conditions (Figure 7.2), the statistical test of effect, shown
in Table 7.3, indicates that changing microwave frequency did not significantly affect benzene production
(p = 0.3290). Instead, the benzene production is mainly affected by temperature (p = 0.0985) and space
velocity (p = 0.0242). The prediction profiler (Figure 7.2) shows that higher temperature and higher space
velocity favor maximum benzene production. By comparing Experiment #3, #5, and #7, since MW
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frequency does not affect benzene production, increase reaction temperature will increase the maximum
benzene production rate while space velocity holds constant. By comparing Experiment #1, #2, and #3,
higher space velocity will favor maximum benzene production rate because there is more methane feed in
the stream. This trend holds at different temperatures. According to data analysis, the maximum
conversion is also affected by different reaction temperatures and feed flow rate (Table 7.3). However, By
comparing Experiments #1, #2, #3, it is observed that, lower feed flow rate favors methane conversion
because of the longer contact time between gas and catalyst. The optimized reaction condition within the
experiment testing range (highest benzene production while as low power consumption as possible) occurs
at T = 550 ℃, f = 5850 MHz, and V = 100 SCCM.

Figure 7.1 Actual-by-predicted plots of (a): maximum benzene production; (b): maximum methane
conversion; (c): required MW power.
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Figure 7.2 Prediction profiler plots for the effects of temperature, MW frequency, and feed flow rate on
maximum methane conversion, maximum benzene production, and required power.
Table 7.2 Experimental results of the MW-assisted methane DHA.
Experiment #

T

f

V

Maximum
Benzene
Production
(µmol/min)

Maximum
Conversion
(%)

Power
usage (W)

1

-1

-1

-1

0.965

28.8

61.2

2

-1

0

0

1.133

29.6

102.6
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3

-1

1

1

3.088

16.0

115.2

4

0

-1

0

2.256

34.0

81.0

5

0

0

1

4.659

19.7

115.2

6

0

1

-1

1.113

28.1

139.5

7

1

-1

1

5.920

24.5

109.8

8

1

0

-1

1.504

39.6

129.6

9

1

1

0

2.745

34.6

165.6

Table 7.3 Statistical parameter effect tests on maximum benzene production rate and maximum methane
conversion
Effect Tests on Maximum
Benzene Production Rate

Effect Tests on Maximum
Methane Conversion

Variables

F Ratio

Prob > F

F Ratio

Prob > F

Temperature

9.1566

0.0985

9.4817

0.0954

Frequency

2.0391

0.3290

1.8370

0.3525

Feed Flow Rate

40.2905

0.0242

27.9808

0.0345
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Figure 7.3 Maximum methane conversion level achieved in MW reactor at different bulk temperatures
(blue dotted lines) and the relationship between maximum methane conversion (MMC) vs. temperature
(T) in traditional fixed-bed reactor (V = 100 SCCM, linear regression (red solid line): MMC = 0.1011*T
– 58.98, for 700 ≤ T ≤ 800; R2 = 0.9287)
A set of methane DHA experiments were performed in a conventionally heated fixed-bed reactor
(FB) and used to compare the catalytic performance in the FB reactor and in the MW reactor. The fixedbed experiments were operated at 700 ℃ (FB700), 725 ℃ (FB725), 750 ℃ (FB750), 775 ℃ (FB775),
and 800 ℃ (FB800), and the result is presented in Figure 7.3. Since the fixed-bed experiments were
running at a feed flow rate of 100 SCCM and the MW frequency is not a significant variable affecting
methane conversion (Table 7.3), the MW experiments we are comparing are #3 (TMW, bulk = 450 ℃,
MW450), #5 (TMW, bulk = 500 ℃, MW500) and #7 (TMW, bulk = 550 ℃, MW550). Figure 7.3 shows that if
we are trying to "match" the level of methane conversion achieved in the MW reactor when the bulk
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catalyst temperature was 450 ℃, in a traditional fixed-bed reactor, the catalyst temperature needs to be
around 740 ℃. The “matching” method was developed by Robinson et al. and this result is similar with
their previous findings in the ethane DHA process (92). This is a strong proof that MW radiation can
improve methane conversion thermodynamically. In this dissertation, this phenomenon is named "thermal
effect" (or “hot spot” as described in Chapter 5) and will be further discussed along with other evidence.
Other than methane conversion, the product selectivity is another aspect of evaluating the catalyst
performance and MW-material interactions. As shown in Figure 7.4, there is a big difference in terms of
product selectivity between the experiments carried out in the microwave (MW) reactor and in the
conventionally heated fixed-bed (FB) reactor, which also meets the findings in Chapters 5 using ethane as
the feedstock (91). It was observed that the lower benzene selectivity and higher C2 (ethane and ethylene)
selectivity in the presence of MW radiation. Acetylene was not observed in all experiments. The coke
selectivity is shown as Figure 7.5. The result shows that coke is the major product in microwave-assisted
methane DHA reactions, and the source of the coke is probably from methane decomposition, which meets
the previous finding showing in Section 6 (13). Another finding is, with the increase of temperature, initial
benzene selectivity increases in the traditional fixed-bed reactor. However, the trend is opposite in the
microwave reactor: the benzene selectivity is lower at higher temperature. This trend will be explained in
later section. Even though the existence of coke will enhance microwave sensitivity of the bulk material
and promote undesired methane decomposition, this negative effect is minor (13). Since the methane
conversion for microwave reactor and fixed-bed reactor are similar (15%~25%), such a huge difference
in product selectivity could be due to other effects than the thermal effect alone.
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Figure 7.4 Benzene (a) and C2 (b) selectivity comparison between microwave (MW) reactor and
traditional fixed-bed (FB) reactor. (V = 100 SCCM, MW data are from Experiments #3, #5, and #7)

Figure 7.5 Coke selectivity comparison between microwave (MW) reactor and traditional fixed-bed
(FB) reactor. (WHSV = 12000 mL∙g-1∙h-1, MW data are from Experiments #3, #5, and #7)
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7.1.2

Temperature-Dependent Dielectric Properties of the Catalyst

The same microwave network vector analyzer (Keysight N5231A PNA-L) as described previously in
Chapter 6.1 was used to measure the dielectric properties of the catalysts. The sample powder was first
packed inside at the center of a 50 cm coaxial airline with 7 mm diameter. Two ceramic inserts, 1 cm
height each, were placed before and after the packed sample to keep it in place while heating it under air.
The height of the packed sample was kept constant at about 1 cm to obtain comparable results. The airline
was then placed in a tube furnace with a 12 cm heating zone and theoretic Tmax of 1000 ℃ from Applied
Test System. The sample was heated at a constant ramp rate (10 ℃/min) to the desired measuring
temperatures (room temperature, 50, 100, 200, 300 ℃) using a ThermoScientific heater controller model
LINGBERG BLUE M. The terminals of the sample airline were kept at 20 ℃ using aluminum blockcooling sleeves connected to a closed water chiller circulator from Brookfield model TC-650. The
complex permittivity (ɛ) of each sample was measured at each temperature in the frequency range that
MW-assisted reactions running at.
According to previous Chapter 6, undoped ZSM-5 support (low Si/Al ratio) has a loss tangent from
0.07 to 0.12 at the frequencies used in this chapter (13). Even though the Mo2C species has a higher loss
tangent value (Figure 7.6), adding Mo2C does not significantly change the loss tangent of the catalyst
(Figure 7.7). It may be because the metal loading is low (4 wt%), and the loss tangent of the molybdenum
carbide is not large enough to affect the dielectric properties of the bulk material. The research focusing
on how metal loading affects dielectric properties is still ongoing. As shown in Figure 7.7b, increasing
frequency from 5.46 GHz to 6.53 GHz exhibits a decreasing loss tangent of the catalyst. Therefore,
theoretically, for the experiments performed in this paper, it is expected that higher frequency will result
in higher power consumption if other variables remain the same. There is a trend that the loss tangent of
the catalyst is lower at high temperatures. This trend matches the experimental observation that very little
power was required to heat the catalyst from room temperature to ~150 ℃; then, the required power
gradually increased until it reached the target temperature.
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Figure 7.6 Dielectric properties of Mo2C powder at variable frequencies and temperatures: (a): relative
dielectric constant; (b): loss tangent.

Figure 7.7 Dielectric properties of Mo2C/ZSM-5 at variable frequencies and temperatures: (a): relative
dielectric constant; (b): loss tangent. (Particle size: 80 mesh)
7.1.3

Microwave Power Usage

When microwave radiation acting as a heating source, the features of non-contact (direct) heating and
rapid heating promote the overall energy efficiency in this process. The results showed that microwave
power required is proportional to the temperature by comparing Experiments #3, #6, and #9 in Table 7.2.
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This is due to 1: lower dielectric properties of the material at a higher temperature; and 2: higher
convective heat loss to the ambient. The test of effect (Table 7.4) reflects this observation (p = 0.0418).
Meanwhile, as shown in Section 3.1, the electromagnetic property of a material is a function of microwave
frequency (Figure 7.7). This trend can be seen by comparing Experiments #1, #2, and #3 in Table 7.2. The
statistical analysis results also reflect this trend (p = 0.0238). The power usage for catalyst heating at target
temperatures was recorded. It has been noticed that the required power dropped significantly to around
30-50 W after starting the reaction because coke (carbon deposit) is a good microwave absorber. Since
the coke formation rate was different for each experiment, only the power usage at target temperature
(before initiating the reaction) was compared.
Table 7.4 Statistical parameter effect tests on maximum power usage
Effect Tests on Power Usage

7.2

Variables

F Ratio

Prob > F

Temperature

22.9378

0.0418

Frequency

41.0311

0.0238

Feed Flow Rate

0.5148

0.6602

Finite-Element Modeling Study: Microwave-Material Non-Thermal Effect
7.2.1

Model Geometries

COMSOL Multiphysics (version 5.4) with RF and heat transfer modules was employed to predict
the electric field of the catalyst bed and spherical catalyst particles and metal-support system. Two scales
of the model were tested here: reactor-scale and particle-scale. In the reactor-scale model, the cavity was
simplified to a rectangular waveguide (TE10 mode) with the catalyst placed at the center (a solid cylinder)
and a sliding short located on the left (Figure 7.8a). The quartz-tube reactor was also omitted because it
was assumed that the quartz is perfectly microwave-transparent. Since the zeolite catalyst is an insulator
and a dielectric material, it was reasonable to assume that only the electric field is responsible for catalyst
heating. The reactor-scale model investigates the electric field distribution and temperature profile through
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the catalyst bed. In the particle-scale model, it was assumed that the particles are spherical with a size of
80 mesh, and the parallel packing of the catalyst bed (Figure 7.8b). The particle-scale model was used to
investigate the electric field distribution between catalyst particles.

Figure 7.8 Geometries of (a): reactor-scale model; (b): particle-scale model
7.2.2

Governing Equations, Important Parameters, Assumptions, and Boundary
Conditions

In these computational models, Maxwell's equations were solved in frequency transient to simulate
the electric field distribution on the catalyst material at targeted temperature. The equation takes the
following form (Eqn. 2):
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jσ

2
𝛻 × μ−1
r (∇ × 𝐄) − k 0 (ϵr − ωϵ ) 𝐄 = 0
0

Eqn. 9

In, Eqn. 10, μ𝑟 is the relative permeability of the material (μr = μ′ + 𝑗μ′′), E is the electric field, 𝑘0
is the wavenumber of the free space, ϵ𝑟 is the relative permittivity (ϵ𝑟 = ϵ′ + 𝑗ϵ′′), 𝜎 is the electrical
conductivity of the catalyst, 𝜔 is the angular frequency that equals to the microwave frequency
multiplied by 2π, and ϵ0 is the permittivity of the free space. The sliding short was assumed to be a
perfect electric conductor. For the reactor model, it was assumed that the thermal energy of catalyst
cylinder is dissipated from the outer surface of the catalyst through 1: radiative heat loss to the ambient
(the air inside the waveguide with a constant temperature of 25 ℃); 2: convective heat loss to the ambient;
3: convective heat loss due to the flowing gas. The air inside the waveguide was assumed to be stagnant
and the flow due to the heat transfer was not considered. The emissivity of the zeolite catalyst was
approximated to be 0.55 (ambient band), referred to a study by Rebouças et al. (94). The particle-scale
model only presented 1000 particles (10×10×10) at the center of the catalyst bed due to the performance
limitation of the computing device. For particle-scale model. The wave propagated in the -x direction, and
the E-field was in the y direction. All gases were simplified to be air and we did not consider mass transfer
(chemical reactions) since it is out of the scope of this chapter.
Other than the dielectric properties, the model still require the input of electrical conductivity,
thermal conductivity, and heat capacity (at constant pressure, Cp) of the material. The electrical
conductivity (σc) can be directly calculated by Eqn. 11 (95).
σc = 2πfε′′ ε0

Eqn. 11

Where ɛ0 is the permittivity of free space (vacuum) with a value of 8.854 × 10-12 F/m; f is the microwave
frequency. ZSM-5 catalysts have a comparatively low thermal conductivity, and there are multiple
research works that reported different values, from 0.3 to 1.5 W/(mK) (96–98). Although the thermal
conductivity of ZSM-5 is proportional to temperature, the trend seems less significant at a higher
temperature (96). Therefore, in this study, the thermal conductivity of ZSM-5 and Mo2C/ZSM-5 was set
as a constant of 1 W/mK, which was based on Greenstein and Graham's research work (96). However, it
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should be noted that Mo2C species has a much higher thermal conductivity value (48.4 W/mK, according
to Zha et al.) (99). Therefore, if the metal loading increases to a higher level, the change in the material's
thermal conductivity cannot be neglected. The characterization methods of these properties still need
further investigation and development. Heat capacity at constant pressure can be measured by TGA
combined with differential scanning calorimetry (DSC), and the result is interpreted as a 4th-order
polynomial equation (unit in J/g/℃, T from 100℃ to 800℃)8:
Cp(T) = -1.48079 + 0.03754×T - 1.90728×10-4 T2 + 3.56594×10-7 T3 - 2.08927×10-10 T4
7.2.3

Eqn. 12

Result of Finite-Element Modeling

This model simulates the beginning of the experiment, where methane conversion is at the maximum
and the coke formation is negligible. The result shows that even though the E-field intensity appears to be
higher at the center of the catalyst bed, the majority of the catalyst bed are between 3 to 3.5 × 104 V/m
(Figure 7.9a). At a 104 V/m level of the E-field intensity, the microwave plasma cannot be generated. This
result matches the experimental observation that no visible plasma glowing during the entire reaction
period. Figure 7.9b shows the E-field simulation result of our particle-scale model. While the E-field
intensity is about 2 × 104 V/m at the bulk, higher E-field spots occur at the contact point between catalyst
particles, and the intensity can reach 2.5 times as high as the bulk, reaching 5 × 104 V/m (Figure 7.10).
The high E-field at the contact point can be due to the low electrical conductivity of the catalyst material
(dielectric material). With the existence of the electric field, a molecule can be polarized, deformed,
dissociated, and even destructed (100). Many publications investigated the electric-field effects on the
molecular level, using density-function theory (DFT) modeling and have fascinating discoveries that
external electric field can influence the adsorption energies of the gaseous adsorbates on the metal active
sites of the catalyst without plasma formation. However, it usually requires an external electric field
intensity at 108 V/m level, which is similar to the E-field produced by the molecule itself (100–102).
Polarization and deformation are due to the electron cloud displacement in a molecule with the presence

8

It is approximated that for any T<100℃, Cp(T) = Cp(100); for any T>800, Cp(T) = Cp(800)
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of a lower external E-field. For non-polar molecules such as methane, the displacement of the electron
cloud will generate a small partial charge in the direction of the E-field direction; and the partial charge
can also exist on the absorbed Mo-CHx intermediates. This partial charge can benefit methane adsorption
as well as C-H bond cleavage, which results in higher C2 production. Some publications have reported
that methane conversion improvement can be achieved with a lower external E-field (103–105). Along
with the DHA reactivity results in previous sections, there is a strong indication that such molecule
polarization and deformation effects brought by a weak external electric field can promote overall methane
activation along with catalyst. The effects of external E-field discussed above could be the "non-thermal
effects" brought by microwave radiation.
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Figure 7.9 Electric field (E-field) distribution of the catalyst: (a): reactor model; (b): particle model
(simulation of Experiment #7 where f = 5850 MHz; power = 109.8 W)
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Figure 7.10 High E-field spots at the contact points between particles.
A study by Mei et al. revealed that π-electrons of the carbon atom are more polarizable with an
external E-field (106). According to a previous finding that ethane/ethylene may exhibit hydrogenolysis
reaction (C2H6 + H2 → 2CH4), which is an opposite reaction of methane dimerization and a competing
reaction of C2 oligomerization (3C2H4 → C6H6 + 3H2) (91), the polarization may be responsible for this
phenomenon. As a result, the benzene selectivity is lower in the presence of microwave radiation. Benzene
molecule has a unique structure, and the carbon atoms are more polarizable perpendicular to the molecular
plane (106). This indicates that benzene molecules might be activated under microwave radiation and
undergo chemical reactions. Therefore, a supporting experiment was carried out in the MW reactor. With
all the conditions remain the same as Experiment #7 (i.e., T = 550 ℃, f = 5850 MHz), the feed gas was
0.4 vol% benzene and 20 vol% H2 in balanced helium. The result (Figure 7.11) showed that about 25% of
the benzene in the feed was consumed and converted to methane (C6H6 + 6H2 → 6CH4), no C2 products
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were detected. It is noticed that this benzene hydrogenolysis process requires high pressure (20 bar) and
high temperature (900 ℃) in a high-pressure FB reactor (107). Due to the nature of the benzene gas
cylinder from the manufacturer, it is impossible to quantify this experiment result at this stage. However,
this proving experiment still shows how polarization affects molecule activation and explains one reason
for lower benzene production in the MW reactor. The microwave-assisted benzene hydrogenolysis side
reaction can also explain the different benzene selectivity trend showing earlier in Figure 7.4.

Figure 7.11 Result of the benzene decomposition experiment. (T = 550 ℃; f = 5850 MHz; Mixture 1: 80
mL/min (0.5%Benzene + 99.5%He) + 20 mL/min N2; Mixture 2: 80 mL/min (0.5%Benzene +
99.5%He) + 20 mL/min H2; Mixture 3: 80 mL/min N2; 20 mL/min H2.)
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Figure 7.12 Temperature profile of the catalyst bed in the MW reactor (simulation of Experiment #7
where f = 5850 MHz, the temperature at the center is 550 ℃)

Temperature distribution of the catalyst bed can also be simulated by coupling electromagnetic waves
and heat transfer modules. Figure 7.12 shows that the temperature profile through the entire catalyst bed.
An "inside-out" heating pattern was present, and this matches the experimental observation that the coking
was more severe at the center of the catalyst bed. The temperature profile is smooth that no extra hotregion was detected. In the particle-scale model, although local high E-field was detected at the contact
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points of the catalyst spheres, there is no significant temperature gradient can be observed in the particlescale model (Figure 7.12). It does not mean the formation of inter-particle hot spot is impossible, but it
highly depends on the electromagnetic properties of the material. For example, if the material has a higher
dielectric and magnetic losses, the inter-particle hot spots are more likely to form (108). Since the interparticle hot spots are not discovered in this study while the experimental result indicates the existence of
the hot spots (thermal effects), the finite-element simulation can only explain the non-thermal effects, and
the thermal effects need to be testified through experiments and characterizations.
7.3

TEM Characterization: Microwave-Material Thermal Effect

As discussed in Chapter 5, in microwave-assisted gas-solid reactions, hot spot formation is widely
claimed (as known as selective heating). Also, as shown earlier in Figure 7.3, when the bulk catalyst
temperature reaches 450 ℃ in the MW reactor, the catalyst temperature needs to be around 740 ℃ in the
FB reactor in order to match the methane conversion. As the initial methane conversion occurs on the
active metal site, the temperature of the site will influence the methane conversion thermodynamically.
Since the dielectric properties of metal carbide loading are different from the dielectric properties of
zeolite support (as shown in Section 3.1), the hot spots are likely to be on the metal sites. However, so far,
there is no such technology to characterize the metal site hot spot to confirm this postulation directly, and
the size of the metal site (in nanometer-scale) is too small to be simulated by the finite-element method.
Therefore, the evidence of hot spot formation is generally indirect, and one of the methods is to evaluate
the metal sintering effect (13). In this dissertation, metal sintering indicates Smoluchowski ripening and
Ostwald ripening, the coalescence of the particles. Metal sintering widely appears in high-temperature
chemical reactions such as direct natural gas conversion and chemical looping coal conversion. The rate
of metal sintering is essentially proportional to the material temperature (Hüttig and Tamman
temperatures) (76).
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Figure 7.13 TEM images of the spent catalysts from the microwave (MW) reactor: (a) MW450
(Experiment #3); (b) MW500 (Experiment #5); (c) MW550 (Experiment #7). The black dots are
molybdenum species.
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Figure 7.14 TEM images of the spent catalysts from the fixed-bed (FB) reactor: (a) FB700; (b): FB750;
(c): FB800
The particle size distribution is obtained from TEM images of the spent catalyst samples and 30-50
particles are measured for selected sample (MW450, MW500, MW550, FB700, FB750, and FB800).
Examples of TEM image for sample investigated are shown as Figure 7.13 and Figure 7.14. The ShapiroWilk Normality test was applied to evaluate if the observations in each sample group are normally
distributed, and the test result is shown in Table 7.5. Comparison between the spent samples from
microwave reactor (MW450, MW500, MW550) and fixed-bed reactor (FB700, FB750, FB800) are made.
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Since some sample groups are not normally distributed, t-tests might not be suitable here. Hence, a nonparametric test (Mann Whitney U Test) was applied to evaluate if the median of two populations are equal.
Table 7.5 Results of particle size distribution analysis
Samples

P-value of Shapiro-Wilk Normality
Test

Does the Sample Normally Distributed?
(Y/N)

MW450

0.7762

Y

MW500

0.6058

Y

MW550

0.01385

N

FB700

0.0003177

N

FB750

0.02482

N

FB800

0.00311

N

The result, shown as boxplots (Figure 7.15), shows that the increase of reaction temperature results
in larger agglomerated particles. By comparing the median particle size between MW and thermal
conditions, the result indicates that there is no significant difference in particle size distribution between
the spent catalyst from MW450 and FB700; MW500 and FB750, MW550 and FB800 (Figure 7.15 and
Table 7.6)9. In other words, the particle size analysis indicates that while the bulk temperature was at 450
℃ in the MW reactor, the metal site temperature can reach about 700 ℃, and so on. The estimation of
metal site temperature based on particle size analysis is slightly lower than the estimation based on
catalytic reactivity showing in Figure 7.3. This difference may be due to 1: the errors in statistical
sampling; and 2: the non-thermal effects of the microwave-material interaction, making higher methane

9

For the MW450 sample, its particle size distribution is more likely to match the particle size distribution of FB700 sample

(highest p-value) than FB750 sample.
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conversion possible at a lower site temperature. To sum up, the particle size analysis provides strong proof
of the existence of hot metal sites and gives a possible range of hot metal site temperature.

Figure 7.15 Result of particle size distribution based on TEM images (MW: microwave reactor; FB:
fixed-bed reactor; numbers: temperature of the reaction; V = 100 SCCM)
Table 7.6 Test results of Mann Whitney U Test (α = 0.05, null hypothesis (H0): the distribution of the
measurements in group A is the same as that in group B)
Compare (A - B)

P-value

Reject H0?
(Y/N)

Is there a significant difference in
median particle size for these two
groups? (Y/N)

MW450 – FB700

0.1913

N

N

MW450 – FB750

0.06632

N

N
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MW450 – FB800

1.434e-05

Y

Y

MW500 – FB700

0.001381

Y

Y

MW500 – FB750

0.8579

N

N

MW500 – FB800

0.01501

Y

Y

MW550 – FB700

0.002042

Y

Y

MW550 – FB750

0.2244

N

N

MW550 – FB800

0.4742

N

N

7.4

Conclusion of Chapter 7

This chapter presented the methane dehydroaromatization process with microwave (MW) radiation
through experimental investigation and finite-element simulation. The results showed that high catalytic
reactivity could be achieved at a lower bulk temperature in the MW reactor. Around 740 ℃ is required
for the catalyst inside a conventionally heated fixed-bed (FB) reactor to achieve a similar methane
conversion achieved at 450 ℃ in the MW reactor. Comparing the catalytic performance in the MW reactor
with that in a FB reactor while the methane conversion was kept at a similar level, there is a significant
difference in gaseous product composition. The finite-element simulation revealed an inconsistent electric
field (E-field) distribution on the catalyst particles. The high E-field spot was located at the contact point
between two particles. The E-field intensity was at 104 V/m level, so the dissociation effect and plasma
formation are not possible. Methane activation can still be observed under a weaker external E-field, and
this is due to the molecule polarization and deformation effects brought by the MW radiation. This claim
was further supported by a supporting experiment of benzene hydrogenolysis under MW radiation. Due
to the dielectric properties' differences between metal carbide species and catalyst support, the hot spots
exist at the metal sites, and the metal sintering analysis supported this postulation. The results indicate an
approximate 250 ℃ difference between the metal sites and the zeolite support.
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There are a few limitations in this study, and these points could be focused for the future studies. First,
the mass transport and chemical reaction were not considered in the model building because the kinetics
of microwave-assisted methane DHA is still ongoing. Second, microwave-material interaction on the
coke-covered catalyst needs further investigation, as carbon is an excellent electrical conductor and
microwave absorber. Joule heating would be highly involved in this case. Third, more analytical methods
to estimate or measure the metal site temperature (e.g., molecular probe technique) are needed to better
characterize the thermal effects from MW radiation.
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Chapter 8: Exploratory Research on Microwave-Assisted Methane Activation for
Novel One-Step Ammonia Synthesis10
From clean energy perspective, hydrogen production from renewable energy sources has been
practiced at fairly large scale. However, hydrogen is not a choice of energy carrier due to the difficulty of
compression, storage, and transportation. Ammonia, the second largest chemicals produced in the world,
is capable of being used as hydrogen carrier, because liquid-phase ammonia possesses all the
physicochemical properties of an energy-dense carrier to store and transport hydrogen (109). In addition,
ammonia can serve as an effective hydrogen source (17.6 wt% hydrogen) for fuel cell industry (110, 111).
Haber-Bosch (H-B) ammonia synthesis, developed by Fritz Haber and Carl Bosch, has been
commercialized for more than 100 years and this process has achieved a single-pass-conversion of 15%.
The H-B process requires to operate at high temperature (400-570 ℃) and high pressure (100-300 atm)
using effective catalyst (Fe promoted with K2O and Al2O3 as well as other metal oxides) (112). The
requirements on massive capital investment and high operating pressure restrict the application of H-B
process in distributed and intermittent nature of many renewable energy sources. Meanwhile, as illustrated
in Figure 8.1, hydrogen used in H-B process is typically produced from steam methane reforming, which
causes another inefficiency of this process. As a result, direct ammonia synthesis from methane and
nitrogen is anticipated to reduce capital and operating cost. A simplified flow diagram of desired process
is shown in Figure 8.2.

10

The results, figures, and tables presented in this chapter have been published as Cat. Sci. Technol. (2018) 8(24), pp. 6302-

6305; Xinwei Bai is the first author.
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Figure 8.1 Simplified flow diagram of H-B process. SMR stands for steam methane reforming.

Figure 8.2 Novel one-step ammonia synthesis process.
Driven by the demand for high selectivity of CH4/N2 ammonia synthesis under atmospheric pressure,
the microwave-assisted catalytic reactor system to investigate the reaction between these two stable
molecules. The main goal of this chapter is to illustrate the capability of microwave radiation to activate
two stable molecules by synthesizing ammonia directly from methane and nitrogen and simultaneously
produce valuable by-products, crystalline carbon nanotubes, to increase the process economics. Cobalt
and cobalt–iron supported on gamma alumina (γ-Al2O3) were used as catalysts. As a catalyst support, γAl2O3 was experimentally observed to have decent absorption of microwave energy.
8.1

Catalyst Performance of Microwave-Assisted Ammonia Synthesis from Methane and
Nitrogen
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Figure 8.3 Reaction performance showing by (a): ammonia production in mol NH 3 per gram
catalyst per second (mol/g/s) and (b): methane conversion in percentage.
Table 8.1 Catalyst performance summary

Catalyst

Reaction
Condition

Maximum Total NH3
NH3
Production Maximum
Production
for 30
Methane
-8
Rate (10
minutes
Conversion
-8
mol/g/s)
(10 mol)
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Co/γ-Al2O3

Traditional
Heating

1.7

3.0

19.7%

Co/γ-Al2O3

Microwave
Radiation
Only

40.8

157.3

73.8%

Co/γ-Al2O3

Microwave
Radiation and
Microwave
Plasma

39.9

383.1

80.7%

Co-Fe/γAl2O3

Microwave
Radiation
Only

53.9

441.5

80.6%

Figure 8.3 illustrates the reaction performance for all four experiments, and Table 8.1 numerically
summarizes the experimental result. For all four experiments, the reaction was carried out at 600 °C and
1 atm, with a weight hourly space velocity of 120 SCCM per gram catalyst. In the analysis, only ammonia
and hydrogen are considered as gaseous product in outlet stream. As shown in Figure 8.3, when Co/γAl2O3 was used as a catalyst operated under conventional heating conditions (No MW, No Plasma), the
ammonia production rate was only 1.7*10-8 mol/g/s with the maximum methane conversion being 19.7%.
Upon applying microwave radiation and using same Co/γ-Al2O3 catalyst (MW only), ammonia production
and methane conversion were enhanced significantly, reached to 40.8*10-8 mol/g/s and 73.8%,
respectively. By calculating the total NH3 production during the 30 minutes reaction period, it was
observed that NH3 production under microwave plasma condition (MW Plasma) was 143.5% (383.1*108

mol) higher than applying microwave radiation only (157.3*10-8 mol). By comparing three experiments

using Co/γ-Al2O3 as catalyst, we observed that microwave does accelerate the chemical reaction rate,
enhancing ammonia yield and methane conversion compared with conversional fixed-bed process. When
microwave radiation began to generate plasma from feedstock, ammonia yield is further increased.
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Figure 8.4 Raman spectrums of spent with coke deposit (a): Co-Fe/γ-Al2O3; (b): Co/γ-Al2O3 (reaction
was carried out under microwave plasma); and (c): Co/γ-Al2O3 (reaction was carried out under
microwave radiation only)
High concentration of hydrogen was detected at reactor outlet, indicating that carbon formation was
significant in this reaction. Showing in Figure 8.3, the accumulation of carbon deposit directly inhibits the
ammonia production and methane conversion. Since the microwave radiation and/or microwave plasma
were sustained during the reaction period, the decrease of ammonia production and methane conversion
illustrate the role of cobalt catalyst. According to Raman analysis (Figure 8.4), the carbon deposit on Co/γAl2O3 was observed to be mainly low-quality amorphous carbon (high ID/IG value). In order to further
improve process economics of ammonia synthesis from methane and nitrogen, increase selectivity to high
value carbon becomes imperative. Based on our previous research, some metal promoters exhibited unique
property in producing higher value carbon products such as carbon nanotubes (CNTs) (113). Therefore,
iron promoter (0.5 wt%) was introduced onto Co/γ-Al2O3 catalyst, and the catalyst was evaluated for the
direct conversion of methane and nitrogen. ID/IG value in Raman spectra has been improved (Figure 8.4).
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The TEM images confirm the formation carbon nanotubes (Figure 8.5). Meanwhile, it is observed that the
maximum ammonia production rate reached to 53.9*10-8 mol/g/s and total ammonia production was
441.5*10-8 mol, which is 180.7% higher than that of non-promoted cobalt catalyst under same reaction
condition of microwave radiation only (Figure 8.3a). Also, comparing with Co/γ-Al2O3 catalyst, higher
ammonia selectivity was observed (Table 8.1).

Figure 8.5 TEM images of CNTs on spent Co-Fe/γ-Al2O3. Reaction was carried out under
microwave radiation only condition. Both base growth (a) and tip growth (b) reaction mechanisms
present.
8.2

Study of Catalyst Deactivation Pathway

To better illustrate how metal particles of the catalysts evolve along with the reaction, particle size
for each catalyst sample, including fresh (reduced) catalysts and spent (15 min and 30 min time-on-stream)
catalysts, particle size distributions were measured according to TEM images (at least 30 particles are
measured for each sample).Statistical analysis reveals how plasma, iron promoter and/or reaction time
affect metal particle agglomeration. According to individual t-test (Table 8.2) from analysis of variance
(ANOVA), the existence of plasma does not have significant effect on the changing of average of particle
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size (p = 0.715)11. However, the addition of iron promoter is a key factor for metal particle agglomeration.
According to EDX spectroscopy, the component of the metal particles in Co-Fe catalyst was confirmed
to be cobalt-iron alloy, which results bigger average metal particle size. Reaction is another key factor of
agglomeration. According to the box plots showing in Figure 8.6, the particle size distribution of 15
minutes time-on-stream is similar with that of 30 minutes time-on-stream, but the particle size of spent
catalyst was significantly larger than fresh, reduced catalyst. Given the fact that after 15 minutes the
conversion of methane and the production of ammonia drops significantly (Figure 8.3), it can be concluded
that the higher reaction rate, the larger particle size will be formed.
Table 8.2 Regression analysis predicting metal particle size from existence of plasma, existence of iron
promoter and reaction time
Estimate

Standard Error

t value

p value

Intercept

5.41247

0.28208

19.188

< 2×10-16

Plasma*

0.12800

0.35054

0.365

0.715

Promoter**

1.46777

0.30696

4.782

3.01×10-6

Reaction Time

0.12440

0.01204

10.336

< 2×10-16

*: Plasma = 1 when the plasma was generated during the reaction.
**: Promoter = 1 when Co-Fe catalyst was testing in reaction.

11

Normal Quantile-Quantile (Q-Q) plot was used to test the assumption of normal distribution of residuals. Result shows

that the residuals overall fit the normal reference line, which indicates that the residuals are reasonably consistent with the
assumption of a normal distribution. Brown-Forsythe Test was conducted to verify the equality of group variances, the
resulting p-value was 0.06887 represents the variance in particle size is consistent between treatments. Both assumptions are
met; hence the conclusion drew from ANOVA, which is described in main article, is valid.
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Figure 8.6 Box plots for particle size distribution of different reaction time-on-stream (a): Co/γ-Al2O3 and
(b): Co-Fe/γ-Al2O3.
8.3

Discussion

A common feature of plasma assisted reaction is the activation of chemical bonds and subsequently
forms radicals or activated molecules or atoms. Other than heating the material effectively, microwave
radiation can deliver electromagnetic energy onto active sites which is able to lower the activation energy
of the adsorption process in catalytic reactions when compared to conventional heating (6, 114, 115). This
is largely because microwave radiation increases the internal energy of catalyst active sites. This process
will increase activated species formed on the catalyst surface, hence increase the yield of desired products
(116). Nitrogen is a very stable molecule and requires a high dissociation energy to change into reactive
species. During a conventional ammonia synthesis process, the absorbed N2 dissociates to N species on
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catalyst surface triggered by high temperature and pressure conditions (117). On the contrary, microwave
plasma first activates N2 molecules to N2+ and then forms N+ and N species on catalyst surface (118). The
interaction of these active species on catalyst surface in the presence of microwave plasma is an area yet
to be investigated. Similar to N2 molecule, the tetrahedral structure of methane molecule and high
dissociation energy of C-H bond makes methane activation difficult. Conventional methods used to
activate CH4 molecules such as catalytic oxidation is highly energy intensive and non-selective.
Microwave plasma can activate CH4 molecule at comparatively mild conditions due to electron collisions,
leading to direct ionization and catalytic C-H bond cleavage (118, 119).
Based on the theories mentioned, the reaction mechanism was postulated by analyzing the product
distribution. Figure 8.7 illustrates the reaction pathways occurred during microwave catalytic conversion
of CH4 and N2. High H2 production represents decomposition of CH4. It is possible that microwave
radiation lowers the activation energy of CH4 decomposition on the catalyst surface. The methane
decomposition and subsequent release of di-hydrogen molecules occur at catalyst surface, while carbon
resides that deactivates the catalyst. Adding iron promoter can activate CNT formation, which is widely
confirmed by researchers (113). Under microwave radiation, the formation of activated hydrogen atoms
at the active site is likely. Simultaneously, dinitrogen molecules are activated at the catalyst site, and form
activated nitrogen intermediate. Those activated nitrogen combines with hydrogen to form ammonia on
the metal of catalyst surface. Microwave radiation can potentially enhance the formation of metalnitrogen-hydrogen intermediate which leads to higher ammonia production. It is noticed that when plasma
was generated, there was very small amount of C2 products in outlet stream. This indicates the presence
of comparatively higher concentration of CHx species upon generating plasma. However, the
concentration is so small that we can neglect it in our product analysis. With the decomposition of
methane, the carbon deposit covers the catalyst surface that causes catalyst deactivation. The research of
attenuating the catalyst deactivation and increasing the selectivity of higher value carbon allotrope or C2
olefins can be one of the directions for the future development of this ammonia synthesis process.
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Figure 8.7 Scheme of postulated reaction pathways.
8.4

Conclusion of Chapter 8

In conclusion, this novel process integrates system elements of electromagnetic sensitive catalysts
and microwave reactor design to convert methane and nitrogen to value-added products. The results
indicate that stable molecules such as CH4 and N2 can be activated by microwave radiation at appropriate
reaction conditions to produce NH3. It is shown that the conversion of CH4 and the yield of NH3 are
enhanced in the presence of microwave plasma. By adding metal promoter, higher ammonia yield can be
achieved and value-added CNTs can be produced at the same time. Taking the advantages of “state-ofthe-art” non-equilibrium microwave plasma technology, other novel reaction pathways can be
accomplished due to its potential to be scalable and economically feasible in future industrial processes.
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